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EXECUTIVE SUMMARY

During 28-30 October 1986, the Office, Chief of Engineers (OCE), under
the Water Operations Technical Support (WOTS) Program sponsored a workshop on
reservoir releases, which was conducted by the US Army Engineer Waterways
Experiment Station (WES). OCE, WES, and Divisions and Districts from across
the Corps of Engineers (CE) and other Federal and local agencies were repre-
sented by participants and presenters at the workshop. A list of workshop
attendees is included in the workshop proceedings. The objective of the work-
shop was to provide a forum for the exchange of information related to reser-
voir release water quality problems and potential evaluation and solution
techniques and methodologies to improve reservoir releases. Papers were
solicited from across the CE, the Bureau of Reclamation, and the Tennessee
Valley Authority (TVA). Examination of the Table of Contents and the workshop
Agenda will reveal the breadth of the topics discussed in the twenty-seven
papers presented at the workshop. In overview, the papers were presented in
five categories: (1) Water Quality Policy; (2) Measurement, Evaluation, and
Prediction Techniques; (3) Operational and Tailwater Techniques; (4) In-
Structure Techniques; and (5) In-Reservoir Techniques. Generalized and
specific case studies of reservoir release water quality problems and
solutions were presented.

In general terms, papers in Session I: Water Quality Policy, covered
some of the issues that have impacted and shaped the existing posture
regarding reservoir release water quality. Representatives of the OCE and TVA
presented papers on each agency's policies regarding the quality of reservoir
releases. Both agencies have clear objectives to maintain suitable aquatic
habitat downstream of reservoir projects and to improve the release quality
when possible within the guidelines of authorized project purposes. Specif-
ically identified as a developing policy question is the challenge to develop
a strong policy of nondegradation of release water quality at projects where
non-Federal hydropower is proposed. TVA and CE, based on the papers in this
session, appear to be in transition from primarily identification and assess-
ment of water quality problems to emphasizing the monitoring and management of
water quality. To these ends, remote satellite data acquisition equipment is
being developed and deployed to permit the effective use of fiscal and man-

power resources to achieve the monitoring/management objectives.



Papers in Sessions IIA and IIB: Measurement, Evaluation, and Prediction
Techniques, contained generalized topics related to existing capability to
model and thereby evaluate various aspects of water quality in reservoirs and
regulated streams. Quality parameters of interest were temperature, dissolved
oxygen (DO), and suspended sediment. Other papers dealt with the effects of
and methods to evaluate the impacts of reservoir releases on tailwaters. A
general paper on modeling provided an overview of several approaches available
to evaluate reservoir release water quality with a brief review of two appli-
cations of these modeling techniques. A case study was presented on the
application of a one-dimensional model for simulating the transport of
suspended sediment into and through a reservoir. Other papers presented case
studies on the evaluation of a modified reservoir withdrawal structure, the
potential impacts on in-lake and release temperatures of a pool raise and
storage reallocation, and the application of a reservoir system model for
real-time control of DO. Two papers focused on predicting the effects of
release improvement on project tailwaters below several TVA reservoir projects
and Buford Dam, a CE project, on the Chattahoochee River. Of particular
interest in these two papers were the effects of providing minimum flows
downstream of a reservoir and the application of an aquatic habitat model
PHABSIM,

The papers in Session III: Operational and Tailwater Techniques,
presented case studies on the data collection and analysis to determine the
causes of low DO downstream of a hydropower project. A case study was
presented on a project where provisions were made to provide minimum flows
downstream of a hydropower project. Two papers presented applications of a
numerical model of selective withdrawal that can predict release quality
characteristics and can provide guidance on the operation of a multilevel
outlet structure.

In Session IV: In-Structure Techniques, the results of generalized
research and specific applications of the concept of blending in a single wet
well to control release water temperature were presented. Additionally,
several applications of turbine venting to increase the DO content of releases
from hydropower projects were discussed.

In the last session, Session V: In-Reservoir Techniques, in-lake aera-
tion and oxygenation systems were the topics of several papers that outlined

experiences at TVA and CE projects. At both, the oxygenation system was



designed to improve the reservoir DO concentration in a local area. At the CE
project, the water that was improved was for release quality maintenance. At
the TVA project, the locally improved water was to provide a haven for striped
bass. Case studies were presented relating results of applications of local-
ized destratification for release improvement. These studies specifically
dealt with the use of an epilimnetic pump and early experiences with a
pneumatic destratification system. Another paper developed the design of a
local hydraulie destratification system. Of particular importance was a paper
from the Bureau of Reclamation that outlined a design procedure for pneumatic
destratification systems. Additionally, the results of operating a retro-
fitted selective withdrawal structure were presented.

Appreciation must be expressed to OCE for sponsoring the workshop
through the WOTS Program; to the session chairmen for efficiently presiding
over their topic areas; to the presenters who provided the information and
technology transfer; to Mr. Dennis Barnett who was the local point of contact
from the South Atlantic Division; to Mr. William N. Rushing who made all the

physical arrangements; and to personnel of the WES Hydraulics Laboratory who
conducted the workshop.
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PREFACE

This report presents the proceedings of the CE Workshop on Reservoir
. Releases that was held in Atlanta, Georgia, 28-30 October 1986. The workshop
0 was funded by the Water Operations Technical Support (WOTS) Program, which is
sponsored by the Office, Chief of Engineers (OCE). The workshop was organized
and conducted by personnel of the US Army Engineer Waterways Experiment Sta-
tion (WES). Mr. Steven C. Wilhelms of the Reservoir Water Quality Branch
W (RWQB), WES Hydraulics Laboratory, and Dr. Richard E. Price, Acting Chief,
\si RWQB, were the principal conference coordinators. Mr. William N. Rushing,

Assistant Program Manager of WOTS, WES Environmental Laboratory, made ar-

)ﬂﬁ rangements for the workshop facilities and served as point of contact for

ﬁﬁs submission of abstracts and papers. Messrs. Wilhelms and Rushing and

%?f Dr. Price were assisted in workshop administration by Ms. Laurin I. Yates.
;ﬁ‘ Messrs. Jeffery P. Holland, Chief, RWQB, John L. Grace, Jr., Chief, Hydraulic
VSV Structures Division, and F. A. Herrmann, Jr., Chief, Hydraulies Laboratory,
33 directed the effort. Mr. Wilhelms prepared the Executive Summary and

égﬁ organized the remainder of this report.

Dr. Jerome L. Mahloch, Environmental Laboratory, WES, was Manager of
the WOTS Program. The Technical Monitor of the WOTS Program for OCE was
Mr. David P. Buelow.

COL Dwayne G. Lee, CE, was the Commander and Director of WES.

Dr. Robert W. Whalin was Technical Director.
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POLICY ISSUES
ASSOCIATED WITH RESERVOIR RELEASES

by

John S. Crossman, Ph.D.
Environmental Scientist, Environmental Quality Staff
Tennessee Valley Authority
Knoxville, Tennessee

ABSTRACT

feservoir releases from the Tennessee Valley
Authority's (TVA) dams are adversely affecting
approximately 340 miles of stream during late
summer, low flow conditions. The parameter of
greatest concern and the one most often failing

to meet State and Federal water quality
eriteria is dissolved oxygen (DO).
Unacceptably low DO concentrations in

combination with reservoir operations that
leave stream beds dry for up to 45 days per
year have severely impacted tailwaters and have
virtually eliminated any potential they offer.
Because of changed public priorities, TVA is in
the process of addressing and/or accommodating
the nonstatutory demands being made on TVA's

reservoir system. However, major policy
questions that still need to be addressed
include: (1) are reservoir releases being

improved to restore beneficial uses or to
develop the resource, (2) should the cost of
improvements be paid by the ratepayer or
taxpayer, and (3) what level of improvement
should TVA strive for?

INTRODUCTION

The TVA integrated water control saystem of 40
dams comprises what is generally considered the
most regulated river system in the world.
Developed in accordance with & comprehensive
plan mandated by the TIVA Act, the Nation's
fifth largest river is managed primarily for
flood control and navigation, and as consistent
with these statutory purposes it also provides
hydroelectric power. Largely completed by the
late 19508, TVA's multipurpose reservoir system
has been one of the cornerstones of the
region's  success in economic growth and
development . Estimated benefits provided by
the reservoir system for the 1934-83 period
(expressed in 1982 dollars) are:

o Flood Control Benefits: Total flood
control benefits from the TVA system
are estimated to be $4,127 million .
besed on the cost of flood damages
prevented.

o Navigation Benefits: Total navigation

benefits of the TVA reservoir system
are estimated to be $3,655 million .
[as determined] by compsring the cost
of moving freight via the Tennessee
River to the next chespest mode and
route of trensporastion.

0 Recrestion Benefits: Totsl estimated
benefits associsted with recreational
activities made possible by the

reservoir system are $6,363 million.

o Hydroelectric Benefits: The total
value of the benefits associated with
the production of electricity by TVA's
system of dams and reservoirs is
between $8.3 billion and $12.9 billion
depending on the method used to measure

them, i.e., based on TVA average
wholesale rates or national average
wholesale rates {Anonymous TVA,
1985).1

As the Valley's economy has improved and public
priorities have changed, TVA has successfully
modified its operations to accommodste to some
degree many of the nonstatutory demends made on
the systea. For example, TVA cucrrently
operates its system to meet wster supply needs,
to control mosquitos and aquatic vegetation, to
reduce the adverse effects of downstream
effluent releases such ss thermal discharges,
and to provide for recrestional use. Among,
other things, these changes have helped
eradicate malaria from the Valley, they support
a fisheries valued at $425 million per year,
and they support & recreation industry that
draws 70 million visits per year (Mills and
Jones, 1986).

NEW EXPECTIONS - TVA REGION

A study by TVA's Reservoir Development Branch
indicates that the recreational use of TVA's
reservoir system is expected to grow by over

10 million visits during the 1980s (Anonymous
TVA, 1979). If the Labor Department's Bureau
of Labor Stetistics trend on high employment
growth in amusement and recrestion services
holds true for the TVA area, recreation will be
a growth industry desecrving greater considera-
tion in the way the Valley's water resources
are managed.

In addition to the expected recreationsl
demands, environmental concerns related to
wastewater treatment and meeting water quality
standards are plecing new demands on the
quality and queantity of releases from water
resource projects. For example, in Tennessee

1. The real (inflstion adjusted) rate of return
is in the 7-10 percent range which is
roughly double the return society received
on investments mede during the same period.

3 .g'i‘g;i‘gsﬁAc




the governor's Safe Growth Team has noted that
economic growth may be compromised by the in-
ability of many communities to provide adequate
wastewater treatment. This was summsrized in a
1982 report to Governor Alexander in which the
Safe Growth Team reported that:

At present there are 89 communities
in Tennessee where the inadequacies
of wastewater trestment facilities
are so great that water queslity
standards sre regularly violated in
the streams receiving these wastes.
Approzimately 630,000 Tennesseans
live in these communities. A much
larger number of our citizens are
affected becsuse of the widespread
recreational use of the waters of the
State (Smith, 1982).

When considered in conjunction with the
following observations, it is no wonder that
states are making water issues a priority.

o During the 1975-82 period, the Nation
was spending between $4 and §7 billion
per year on municipal waste treatment
facilities with approxzimately 75
percent of the monies being provided by
the Environmental Protection Agency's
construction grants progras. Today
this program has been scaled back to
$2.4 billion per yesr and the Federsl
share has been reduced from 75 to 5SS
percent.

o It is estimated that it will cost $1.2
billion to neet the wastewster
treatment needs in just the Tennessee
Valley region through the year 2000.

o EPA's new Municipal Compliance Policy
is placing new demands on the Ststes.
It specifically calls for enforcement
actions ageainst municipalities not
complying with appropriate provisions
of the Clean Water Act whether Federal
wastewater treatment funds ace
available or not (Wyatt, 1986).

RESOURCE MANAGEMENT CHALLENGES

As clean water relsted issues gain increased
public attention, water resource management
agencies should expect questions on how they
plan to eddress and/ur accommodate these issues
while meeting the project uses authorized by
Congress. Recent initiatives supporting this
observation include:

o In Tennessee, State water quality and
netural resource sgencies have
indicated an increased concern about
water quality and instresam flows
downstream of all dams in the State.
The Tennessee Division of Water
Pollution Control has proposed the
adoption of language in their water
quality standards regulations
specifying that the State’'s use
designations and DO criteria, i.e., 5.0
mg/l for warmwater fisheries aeand 6.0

mg/l for coldwater fisheries, are
applicable to all tailwaters " . . . up
to the toe of the dam.” The Tennessee

Water Quslity Control Board and the
Tennessee Wildlife Resources Commission

have also adopted resolu. .ons urging
TVA to move beyond its experimental

releases improvement prograna and
mitigate the impact of its reservoir
relesses.

o EPA has developed a draft guidance
document clarifying the need to control
nonpoint sources of pollutants through
nonpoint source controls, best
management practices (BNP's), and how
BMP's should be implemented to meet
water quality stendards.

o Pending hydropower licensing, omnibus
water resources, and clean water bills
in the House and Senate indicate that
incressed emphasis on environmentsl end
energy conservation requirements is
likely to be pleced on new as well as
existing hydropower projects. The most
environmentally significant legislation
involves hydropower relicensing in
which Congressmen Markey, Dingell, and
others are recommending changes to the
Federsl Power Act that require the
Federal Energy Regulatory Commission,
in deciding whether to issue & license
for any project, to give equsl
consideration to energy conservation,
fish and wildlife amenities (including
related spaswning grounds snd habditat),
recreational opportunities, and the
preservation of enviconmental quality
to the power and development purposes.

TVA'S RESERVOIR RELEASES SITUATION

In August 1978, an intecoffice task force
prepered a special executive report for the TVA
Board of Directors on the impact of TVA's
projects on downstream uses and water quality
(Anonymous TVA, 1978). One of the most
significant findings of the report was that
releases from TVA's danms were adversely
impacting aepproximately 340 miles of stream.
The parameter of grestest concecn and the one
most often failing to meet State and Federal
water quality criteria was dissolved oxygen
(DO). Unacceptably low concentrations of DO in
combination with operations that leave stream
beds dry for extended periods of time hed
virtually eliminated the teailwater resource and
any development potentisl it offered.

The number of days thet releases from TVA's
dams failed to meet protective criteria varied
from & minimum of three days at Upper Besr
Creek to a maximum of 183 days per year at Tims
Ford. The most serious pcoblems were
associated with the east Tennessee tributary
projects. These projects are deep, stratified
impoundments with long retention times and
highly variable releases. They sre also
located in moderstely to highly developed
watersheds.

TVA's efforts to mitigete these problems has
primerily involved a 2-prong technologicel and
resource management approach, i.e., mitigating
technologies simed at improving DO concen-
tretions at the dem and efforts to control
pollution in the reservoir watershed. The
technological work has involved s major experi.-
mental program to identify inezpensive,
efficient aseration techniques that can be used
at TVA dams. The resource management effort
addresses the reduction of upstream pollution

roo~sTan




This has vresulted in the development of
reservoir water quelity management plans. One
of the major components of these plans involves
modeling the relationships between reservoir
inputs (point and nonpoint source contributions
to reservoirs) and reservoir water quality.
Although point snd nonpoint sources of pollu-
tants are not the only cause of hypolimnetic DO
depletion, control of these pollutant 1loads
should improve reservoir DO concentrations.

In addition to the technological and resource
management activities described, IVA  has
undertaken institutional initistives to address
issues related to the DO problem. One of the
most promising endeavors is a Memorandum of
Understanding between the State of Tennessee
and TVA which recognizes TVA, “as the area
management asgency with respect to nonpoint
sources of pollution originating from
properties in TVA custody or under TVA control
which are situated in the State of Tennessee."
As the designated mansgement agency, IVA has
agreed to work with the State end other
suthorized egencies to achieve implementation
of the Tennessee Water Quality MNanagement
Plan. Efforts being pursued under this agree-
ment include:

o Incorporating waste treatment maiagement
plans into all TVA land use plans.

o Incorporating requirements for nonpoint
source control measures into all future

licenses, leases, and easements for
property in TVA custody or control
including any renewals of existing

licenses, leases, and easements.

o Incorporating requirements for nonpoint
source control measures into approvals
given under Section 26a of the TVA Act.

TVA has also taken an increasely active role in
the review of State water gquality standards.
This yesr, TVA has urged the State of Tennessee
to coatrol more effectively the pollutants that
sre causing significant cultural eutrophication
and sediment buildup problems in Tennessee's
streams and reservoirs. Water bodies with
severe use impeirments should be identified as
“Nutrient Sensitive Waters*® or "Erosion
Sensitive Watershed." Following this
designation, TVA recommended implementstion

of watershed pollutent control programs that
emphasize the control or treatment of point and
nonpoint source contributions at their source
(Rivers, 1986).

POLICY DISCUSSION

The issues reised strongly suggest & need to
reexamine resource mansgement and pollution
control strategies, in particular those related
to water quslity and quentity programs. Better
integration of these programs is not only an
important policy issue in the Tennessee Valley,
but nationally as originally noted by the Water
Resource Council's (WRC) in their "Second
National Water Assessment,” nearly 10 years
sgo. In the policy section of that report, WRC
stated:

Perhaps the most significant
deficiency in the past management of
water resources was the failure to
adequately consider water gquality in
many acreas. Accordingly, it has been
necessary to make major investments
in an effort to bring water quality
up to an acceptable level. Aggres-
sive programs directed at water
quality management should have been
initiated before major problems arose
as e result of industrial and agri-
cultural development and urbanization.
Even now, as an all out attempt to
slleviate water pollution problems
proceeds, the integration of water
quality planning and management with
other aspects of water resources
development tends to be overlooked.
Without integration, the water qual-
ity goals will be more difficult, and
more costly to meet. The Second
National Water Assessment did not
address the issue of flow require-
ments for water quality management
(Anonymous WRC, 1978).

The country has taken steps to factor reservoir
releases into the design of new projects. For
exemple, in the planning of new projects,
Federal agencies now routinely factor in needs
to maintain downstream assimilative capacity,
to protect fisheries, and to asccommodate
downstream recreation. There has been less
success in resolving these issues at existing
projects. Efforts to address these issues,
i.e., at existing projects, under the national
water quality standards program, the sections
402 and 404 permitting activities, and the
section 208 water quality management program of
the Clean Water Act have not been particularly
effective. Instead it seems that litigation or
the threat of litigation over hydropower
relicensing has been the principle vehicle for
resolving these issues.

Whether litigation or some other option is the
appropriste vehicle for addressing the reser-
voir releases situation at existing projects,

only a future historian can say with any
certainty. At TVA we are addressing it as a
technological issue requiring the combined
resources and expertise of both resource
management and regulatory agencies. In that

regard, we have identified the following policy
issues that are the subject of an ongoing
policy debate within TVA:

o Are the downstream improvements in DO
and flows being underteken to restore
beneficial uses or to develop the
tasilwater resource?

0 Should the cost of improvements be psid
for by the ratepayer in accordance with
the polluter-pays principle or the
taxpayer through Congressional
appropriations in support of the uses
prescribed in the original project
suthorization?

o What water quality objective or what

level of 0O improvement should TVA
strive for?
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How ever these internal TVA issues are
resolved, the following policy issues deserve
the attention of everyone interested in water
resources. Given the need to better integrate
water quality and water resource programs, if

water resource projects are achieving State

approved minimum flows and water quality

objectives:

o Should construction grants decisions
for funding waste treatment projects
beyond secondary treatment be
coordinated with water resource
sgencies?

o Should EPA and States modify their
policies making additional flows and

increased DO levels eligible for
funding under the construction grants
or revolving loan programs? (Note -
This change should be consistent with
section 102(b) of the Clean Water Act,
i.e., water resource "shall not be
provided as a substitute for adequate
treatment or other methods for
controlling waste at the source.”)

o Should flow related

encouraged?

permits be
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ABSTRACT

A brief overview of TVA efforts to iamprove the
quality of reservoir relesses from major dams

in the Tennessee Valley. The program involves
improvement of dissolved oxygen levels in reser-
voir relesses and steps to provide & minimum
stream flow below TVA dams. These and other
efforts sre, however, not to be understood in
isolation but ss part of a total concern for
water guality in the region. Without s com-
mitment to total water gquality, such techno-
logical fixes would simply be stopgsp measures,
doomed to be overwhelmed eventually by the
pressures of industrisl expansion snd population

growth.

INTRODUCTION

TVA and others around the country have been
sware for many years that our dams were creating
water quality problems. Two factors sre
involved, of course. One is the natural

tend ;ncy of deep bodies of weter to stratify
during the summer. The other is the design of
power components which use the deeper waters of
a reservoir for hydroelectric generation. These
deeper waters tend to be low in ozygen through

much of the summer end early fall.

TVA RESERVOIR RELEASE IMPROVEMENTS:

AN OVERVIEW

Bevan W. Brown

Director, Division of Air and Water Resources, Tennessee Valley Authority, Knoxville, TN

A number of devices have been ezamined through
the years to try to correct the prodlem.
Several years ago TVA looked into ways of
introducing oxygen into the water nesr the
turbine intskes. But, there was no sense of
urgency on anybody's part to deal with low
dissolved oxygen in reservoir releases. The
situation was there. We knew it was there. And
we knew, in the back of our minds, that someday
it probably would have to be dealt with. We
were, however, somewhat like Scerlet O'Hars in
“Gone With The Wind"--it was something we would

think sbout tomorrow.

THE CURRENT TVA PROGRAN

It was not until the start of the 1980s, or
theresbouts, that we st IVA reslly got serious
about dealing with oxygen deficiency in reser-
voir relesses. We began experimenting with some
technology that had been tried in Alabams, and
we thought we had found & way to make it work

without costing our power system a fortune.

Improving the oxygen content of reservoir

releases is the first part of a two-pronged
effort TVA has been pursuing for sbout seven
yesrs. You'll hear more sbout the technical

aspects of this program from others in TVA.
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I'11 just give a brief outline of where we stand
right now. But mainly I want to consider some
of the reasons why we believe water quality
issues must be among our top priorities in water

resource management.

At Norris Dam, we are working with hub baffles
to incresse air injection into water turning
hydroelectric turbines. The baffles installed
at existing seration vents on the turbine hub
are able to increase oxygen content of the water
by 2.5 to I milligrams per liter. The baffles
are bolted onto the turbine hub in the spring
and removed in the fall of the year when they

are no longer needed.

At Tims Ford Dam in middle Tennessee, we are
using & large air compressor to force sir into
the water flow. The effect is sbout the same as

we are getting with hub baffles at Norris.

At South Holston Dam in upper east Tennessee, we
found that a simple modification of the existing
aeration system gave pretty good results. Oxygen
levels sre increased around 2 milligrams per

liter.

And at Douglas Dam we have begun a study of
Garton pumps to overcome the problem of low
dissolved oxygen in turbine releases into the
French Broad River. These pumps look something
like airplane propellers. They are suspended
ten feet deep beneath a floating platform, and
are protected by & heavy wire cage. The idea
is to force surface water deep enough into the
reservoir nesr the turbine intakes so that the
well oxygerated water from the surface flows

through the powerhouse and into the stream below

the danm.

A ""tﬂ‘i}«:{”o

Our work has convinced us that there is no
simple, off-the-shelf method of improving oxygen
content of reservoir releases. We have found
that hub baffles work pretty well one place but
not at all on another, similar generating unit
somewhere else. Air compressors can do the job
at some installations but are unsuited for other
facilities. Each installation hes its own
characteristics and requires an individual
solution. It may be that oxygen injection may
be the best solution at some facilities. We

have not given up on that procedure.

In fact, we are exploring direct oxygen injec-
tion at Cherokee Reservoir as part of an attempt
to create fish sanctuaries for striped bass.
These fish suffer considerable stress during

the summer unless they can find an ares of cold

water with adequate dissolved oxygen.

It is also becoming clear that what we are doing
now may be only a transient phese in dealing
with oxygen depletion in reservoir releases.

The ultimate solution probably lies with the
design of the replacement units in powerhouses
all scross the Nation. We have studied a number
of TVA installations in recent years, loc“ing

at the older units and at the feasibility of
replacing them with newer designs. There is no
doubt that many older TVA hydroelectric units
can be replaced with units that will not only
produce greater amounts of electric power with
the same amount of water but that seration can

be designed into the new equipment.

The second part of our efforts to improve water
quality in streams below TVA dams involves
sustainable minimum flows. Below Norris Dam we

hsve constructed a small reregulating weir that

Brown
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is designed to ensure a minimum flow of 200
cubic feet per second. This is accomplished
pretty much through normal operation of the
hydroelectric facilities. By impounding water
behind a rock dam during power generation and
releasing it in & controlled manner when the
turbines are not operating, we can provide s
relisble minimum flow in the Clinch River.

There are times when no hydroelectric generation
is scheduled for an extended period that we have
to pulse & turbine for an hour twice s day to

supply the needed water.

At Tims Ford Dam, we have installed a small
hydro unit that generates when the big power
unit is not operating. It releases 80 cubic
feet of water per second to the stream below the

dan.

And below Tellico Dam, we are providing 8 cubic
feet per second of cold, well aerated air to an
arm of Watts Bar Reservoir to create a sanctuary
for striped bass. A siphon has been constructed
to carry the water over the dam and into the old
river bed below Tellico. To hold the cold water,
an underwater barrier has been built near where
the Little Tennessee and the Tennessee River
join below Fort Loudoun Dam. This sanctuary
appears to have been used by considerable
numbers of stripers and other fish this past

summer .

OUTCOME AND OUTLOOK

Obviously, improving oxygen content of water
below TVA dams and guaranteeing a minimum flow
in the stream provide fishery benefits. Fish

and the aquatic organisms on which they feed

need oxygen and minimum amounts of flowing water
in order to thrive. Our experience below Norris
Dam indicates that some cold water fisheries in
the Tennessee Valley can be greatly improved
through & combination of oxygen improvement and
provisions for & minimum flow. Not only do the
fish have better quality water in which to live
but insects and other aquatic life important to

fish thrive better under such conditions.

This is especially important in tributary
streams. On the Tennessee River from Knoxville
to Paducah, Xentucky, masintensance of navigation
depths ensures that there will always be con-
siderable water below mainstresm dams. But in
some tributary streams, there are times when

the flow is little more than & trickle. Full
development of any kind of fishery is impossible

under such conditions.

There is a broader rsnge of considerations than
fishery development, however, behind our efforts
at reservoir release improvement. Just about
everyone in the Tennessee Valley region -- all
7 million people -- have a stake in water
quality improvement and protection in one sense
or another. The economic well-being of the
region is wrapped up in the health of its water
resources. An sbundance of water has long been
s major selling point for the Tennessee Valley
when industrisl recruiters go looking for

prospects.

But abundance is often a relative matter. That
is one of the things we are learning from two
years of drought in the Tennessee Valley. We
still have a lot of water in the region, but
that water is now under considersble stress.

Fish and mussels are dying in some places where

3rown
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we had no ides that severe water quality problems

existed.

Some of the problems may come from sources of
pollution that are poorly understood or undocu-
mented. Some of the problems msy arise in the
reduced capacity of the water to assimilate
natural and menmade inputs of one kind or
another. And this probably results from a
combination of low dissolved oxygen and higher

than usual water temperatures.

Some things, of course, we can do little about
under the conditions that govern our opera-
tions. But fundamental reservoir release
improvements are within our capscity. And
becsuse one reservoir generally feeds into
another in s downstream pattern, improvements

at certain key dams can make significant improve-

ments in water quality in one, two, perhaps

three or more reservoirs downstream.

THE BALANCED PICTURE

More than 50 years of IVA experience have con-
firmed many times over that quality natursl
resources are essentisl to the economic well-
being of a region. When the agency went to work
in the 1930s, we immediately put people to work
restoring lands that hud been abused for cen-
This restoration had s bonus effect of

turies.

improving water quality in the Tennessee Valley.

Now we sre hsrd st work on s number of water
quality issues, some far older than TVA, end
some as new as the lstest consumer product or
industrial process.

Reservoic relesse improve-

ments are an important part of the overall water

quality effort. But let me make it clear, they

do not stand alone. Unless we guard water qual-
ity from all other thrests, any improvement we
make in dissolved oxygen and more relisble stream
flow will only be stopgap. Stresses of indus-
trisl change and population growth will soon

overwhelm whatever we do unless we can see the

whole water quality picture.
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STATUS OF THE WATER QUALITY CONTROL MISSION IN ORD AND NEEDS FOR RESEARCH SUPPORT

MARK ANTHONY, PhD

Chief, Water Quality Section
Reservoir Control Center
U.S. Arwy Engineer Division, Ohio River

Water quality control 1is a significant,
integral aspect of our water control m=mission in
the Ohio River Division. The location and
resources of this basin resulted in early
extensive development and subsequent wmajor
problems with polluted streams. The Corps of
Engineers was 1nvolved 1n two major studies of
pollution 1n this basin {1920's and 1930's) prior
to any reservoir construction 1n the basin.
While flood control was the primary focus of the
1938 Flood Control Act  which authorized
construction of a large reservoir system in thas
basin, water pollution control was also cited as
a msajor benefit. Subsequent authorization of
specific projects have established water quality
control storage as well as storage for low—flow
augmentation. A major improvesent in water
quality control resulted from 1ncorporating
selective withdrawal capability at storage
projects constructed during the last 20 years.
This feature allows us to more closely comply
with stream standards than at projects with only
a capability for bottom releases.

wWhile our districts were collecting at
least some water quality data for reservoir
regulation guidance during the [960's, an
intensive effort was initiated in 1967. A long-
range plan was carefully developed along with
specific objectives and priorities and an
organized data collection effort began. The
basic strategy was to acquire an adequate data
base at all projects, ewploy interpretative
techniques abetted by an  understanding of
hydrodynamics and hydrometeorological conditions
tn order to anticipate and respond to the quality
of storage when scheduling reservoir releases.
The success of this strategy along with very
careful coordination with state agencies has
allowed the Ohio River Division 'ORD) to avoid
controversy, litigation and crash mitigation
efforts.

We, at the present time, are attempting to
further refine all of the procedures associated
with water quality control. We now have access
to a multitude of more precise and eloquent
procedures developed through the Environmental
Water Quality Operations Study Research Programs,
many of which have already been 1ntegrated into
our programs. However, further integration or
utilization of this 1mproved technology 1s
proving difficult because of the limited size of
district staffs and the level of difficulty posed
by the complexity and seophistication of some of
the latest computerized analytical techniques.
Staffing constraints force districts to rely more
and more on direct support by research personnel
for initial application of water sanagesent
procedures. Thus, there is a dilesma: districts

L3 ﬂ'-& ‘A‘\‘-"!-‘:T ¥ ‘2‘33"-‘{“""!?'

require the services of a skilled and also staff-
limited research staff whose primary mission is
to continue research toward 1dentified and
Justifiable objectives and needs.

The location and resources of the Ohio
River Basin promoted early and rapid settlement
and the Ohio River provided relatively easy
transportation to the west. By |B00, Pittsburgh
was a thriving center of industry including i1ron
and steel, boat building, coal, lumber, and

glass. Thousands of flatboats were buLlt to
transport settlers and wmaterials on one way
Jjourneys as far as New Orleans. In the early

1800's, bulk coal shipments by flat boat were
routine. The iargest of these boats was 175 feet
long, 26 feet wide, and drew 8 feet when loaded
with 24,000 bushels of coal. They were floated
downstream only on high water stages. In 1847,
the peak year, sore than 2,200 flat boats from
the Ohio Valley landed in New Orleans.

The first OChio River steamboat was built at
Pittsburgh 1in 1811 and the first Ohio River
towboat taking coal to New Orleans delivered
2,280 tons in four barges in 1854, Steamboats
provided an enormous 1mpetus to Ohio Valley
industrial development and accelerated commercial
growth. The success of this means of
transportation led to the first Inland Waterwavs
Iaprovement Act 1n 1824 which directed that
experiments be conducted to determine the best
method of coping with sandbars in the Ohio River
and that measures be taken to remove snags
obstructing navigation on the Ohio and
Missi1ss1pp1 Rivers. The Army Corps of Engineers
was assigned responsibility for implementing this
Act.

In 1824 the Ohio River was wmuch obstructed
throughout its length by snags, rocks, and sand
and gravel bars. The width of channel varied
exceedingly and the low-flow depth varied from a
minisum of one-foot above Cincinnati to two feet
below Cincinnati. When the depth over the worst
shoals was three feet or sore, the river was
navigable throughout its entire length for
steamboats, flat boats and keel hboats.

Improvements 1nitiated 1n 1825 consisted of
removal of rocks and snags, placement of wing
dikes and back channel dams. This approach was
continued and expanded until construction of a
system of 50 locks and dams with a nine-foot
navigation channel completed in 1929. By 1950,
this system had become obsolete because of
capacity and msaintenance costs. Beginning in
1954, 13 new modern navigation structures were
built to replace 39 of the old structures. The
present navigation system consists of 20 locks
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and dams on the Ohio main stem. Tributary
navigation projects 1include the Allegheny River
~1ght structures,, Monongahela River .nine
structures:, Kanawha River four structures:,
Kentucky River il4 structures), Green River . four
structures;, Jumberland River . four structures),
and Tennessee River (l0 structures..

As settlement proceeded, Ohio Basin floods
became a sajor problem and a controversial 1ssue.
A proposal by Charles Ellet, Jr. in 1849 outlined
1mprovement of the Mississippi and Ohio Rivers by
means of storage reservoirs. He maintained that
reservolr sites should first be established on
the Allegheny, Monongaheia and other Ohio River

tributaries. His plan suggested that such
reservolrs would control tlonding, and low flow
navigation and produce power, The opposing

position including the Corps of Engineers’)
considered levee systems to be a much more
teasible approach. A series of devastating flood
events led to the 1936 Flood Control Act and
responsibility on the part of the Corps for
planning, constructing and operating flood
control reservoirs.

Ohio River water <quality dJegradation had
become a serious problem by the early 1900's. A
report published 1n 1912 by the Pittsburgh Flood
Commission contained the results of surveys,
1investigations and studies concerning the causes
of damages by and methods of relief from floods
in the Allegheny, Monongahela and Ohio Rivers.
This report recommended building a systems of

storage reservolrs to control flooding and
provide benefits to navigation, sanitation, water
supply and hydropower. Human sewage alone was
overpowering during low flows. Industry, mining
and deforestation also contributed major
problems. Exposed metal . boats, lock gates,

boilers, etc.' had an extremely short life. For
example, three-eighths 1nch steel plates were
reduced to a knife wodge in a vyear's time.
Increasing pollution and typhoid epidemics soon
led to additional studies. The Corps was
involved 1n two major Ohio River pollution
studies during the 1920's and 1930's. These
studies led to the establishment of the Ohio
River Valley Sanitation Commission :n 1346 and to
the addition of water pollution control as a
major benefit for the Ohio River Reservoir System
authorized by the 1938 Flood Control Act.

The Corps rurrently operates 76 storage
reservolrs in the Ohio River Basin. These
projects are located on 21 tributaries. The
primary authorized purpose 18 flood control at
all projects. Other authorized purposes include
recreation at 74 projects, water quality at 39
projects, fish and wildlife at 35 projects, water
supply at 16 projects, hydropower at six projects
and navigation at | project. These projects are
located on 21 tributaries. Thirty-si1x projects
have selective withdrawal capability, 64 projects
have sinimal summer releases, 18 projects have
downstream t,mperature objectives. Reservo:irr
systems operation 1s critical during both low and
high flows n the basin and 13 highly

controversial during drought events  when
requirements 'o initiate early drawdown conflict
with desires for stable recreation pools. The
original plan »f  operation for this system

assumed that main stem Ohio and lower Mississippi
low flow needs, 1ncluding navigation, would be
met with systes releases from conservation
storage. Subsequent authorizations that
established recreation as a project purpose have

decreased the flexibility that was established by
the original plan.

By the mid-1360's the ~ .rps was operating
more than 45 reservoirs 1n the Ohio Basin and was
immersed with water pollution 1ssues. Public
sensitivity concerning pollution was rapidly
increasing in proportion to post-war affluence
and increased leisure time. Several of the
existing reservoirs and many under construction
or being planned were 1mpacted by coal mining

activities. Hundreds of miles of tributary
streams were biological deserts and the Ohio
River was heavily polluted. The navigation

modernization program, replacement of many low
head locks and Jams with ] few highlaft
structures, had adversely 1mpacted reaeration and
made dissolved oxygen conditions much worse.
Efforts were being 1initiated to draft legislation
to establish water uality standards and fund
extensive new treatment facilities.

A Water Quality Section was formally
established in the ORD Water Control Branch in
1967 and shortly thereafter 1n the district
Hydrology and Hydraulics Branches. The primary
mission was to advise reservoirs regulation
elements concerning water quality issues. At
that time, there was no published guidance
regarding procedures for man-made lakes. A long
range plan and specific b jectives were
developed. Objectives were to acquire adequate
knowledge and understanding so as to improve and
mawntain the water quality 1n reservoirs to
enhance fish and wildlife and recreation uses,
control the quality of relerases to protect
downstream fisheries and water supply, maintain
the best possible quality conditions 1n the lower
tributaries and wmain stem Ohio and to mit:i:gate
the low-flow impacts of the highlift navigation
structures.

Based on the e~xperience af a multi-
disciplinary staff and data collected previously
by the districts and other agencies, a multi-
faceted approach was 1mplemented. Limnological
procedures complimented with knowledge of
hydrodynamics and hydrometeoro-ingical expertise
provided a protocol for «valuating existing
reservoirs and performing  pre-i1mpoundment
studies. Reservolr temperature models helped
with interpretation of data and understanding of
existing regervoly conditions, s well s
prediction of conditions in future projects.
These models along with physical modeling by the
Waterways Experiment Station WES: :mproved the
design of selective withdrawal structures. Wwhile
we had achieved a reasonable degree of success 1in
understanding and control of problems by the mid-
1970's, the after shocks of the Dredge Material
Research Program and  spinoff from the
Environmental and Water Quality Operational
Studies Progras EWQOS) enhanced the efficiency
and effectiveness of our procedures.

Ohio River Basin water quality conditions
are aignificantly mproved today. A quality
fishery now exi1sts throughout most f the Ohio
River from Pittsburgh to Cairo and hundreds of
mi1les of tributary streams have recoverad. While
several of our reservoirs are borderline at times
because of watershed problems, most support at
least a reasonable fishery and releases comply
reasonably with water jquality standards most of
the time. Certainly @much credit for this
improvement 1s due to the massive outlays for
improved wastewater treatment and enforcement of

ANTHONY

20




effluent standards. Nevertheless, intentional
and 1nadvertent operations on our part
occasionally kill fish 1n streams that were
barren 10 years ago and changes 1in systems
operation could easily induce  extensive
Jegradation because of accumulative impacts as
flow passes from pool to pool.

Conditions are still far from pristine in
the basin and political and economic changes can
rasily reverse what has been accomplished. State
and local governments are willing to allow some
degradation as a part of the competition to
attract industry. The acid rain issue threatens
costly changes for i1ndustry. Enforcement of coal
mining regulations has been relayed but,
fortunately, reduced coal production and recent
closures of steel mills have significantly
enhanced water quality in several stream reaches.
The treatment of abandoned mine wastes has been
reduced and sewage treatment s still short of
optimal. The new secondary treatment facility at
Cincinnati, at best, provides primary treatment
because of design defects. Consumption of fish
caught 1n parts of the Ohio River should be
limited because of concentrations of toxic
materials in the flesh.

Our strategy for
reservolr operation

day-to-day guidance of
to control water quality has
been relatively simple 1n concept. Collect
enough of a data base over a long enough period
of vears so that the response of each lake water

chemistry, hydrodynamics, etc. ) to any
hydrometeorolugical event 1is clearly understood.
Subsequently, data collection would be

level that verifies
correspond to those
to hydrometeorological

substantially reduced to a
that current condi1tions
anticipated 1n relation
events. We had assumed that computerized
procedures, remote sensing techniques, and
limted data collection would support control
efforts.

In practice, this strategy
successful. Our data
been reduced

is only partly
collection efforts have
substantially and the actual needs
for data and priorities regarding specific
problem areas have guided this reduction.
However, manpower limitations have become a major
1ssue. Our districts have never acquired a
desirable skill level regarding use of
computerized procedures for water quality ‘or for
water control while we have successfully
utilized modeling and made reasonable headway :in
developing data managesent and interpretive
procedures, recent manpower cuts have had a very
negative 1mpact.

We cannot complete an objective of
modifying and integrating the sultitude of useful
computerized procedures developed by EWQOS. We
feel that we need these procedures 1n order to
fully utilize an extensive data base and to
effectively manage a programs that faces
increasing pressures from conflicting water user
groups. For example, add-on hydronnwer at
storage and navigation projects w:.! cause at
least some degradation and may result 1n
si1gnificant accumulative 1mpacts unless we
upgrade water :ontrol and water quulity control

procedures.

There 1s little possibility that ORD will
be able to fully utilize the extensive list of
EWQOS software products regardiess of the

needs uniess staff numbers and

advantages and

[
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skills are 1s increased.
more on direct support
consultants for

We must rely more and
by research personnel or
application ind other support.
Even this alternative s constrained by both
research laboratory and district resnurce
limitations. The effective use of contractors
also requires a high level of technical skill and

time in order to communicate objectives to the
contractor and evaluate the return product.
Another problem that concerns us 1s the

degree of sophistication and especially the data
required by some of the models already developed
or proposed for further research. Even f
district manpower were at optimal levels, any
model that will be used for operating reservoirs
and reservoir systeas for water quality purposes
must be as simplistic as possible 1n regard to
data requirements and computer time.

The development
regulation of

of models for day-to-day
reservolrs and reservolr systems

requires in-depth knowledge of district
regulation procedures and of projects to be
regulated. The orientation required far exceeds

the historical data or the period of record and
regulation manuals. The verification and
calibration of the greatest model 1in the world is
Just the beginning of the tedious, frustrating
and perhaps lengthy effort required 1f 1t 1s to
become a useful, reliable tool for real-time
regulation of reservoirs.

The reservoir system and navigation
improvements have had a major impact in terms of
the history of the Ohio River Basin. Since most
of the feasible storage projects have been
constructed, the future needs must be met by fine
tuning water management procedures and changes in
water use must be accommodated by project and
operational modifications. The addition of
hydropower 1s ane such change that will stress
the operating flexibility of the system. The
operational demands of the system already suggest
that 24-hour/7-day water control staffing s
necessary. We have only partially met expanding
needs for operating models for reservoirs and
tributary systems including water quality.

We will require increasing support from
research elements for more than routine
technology transfer. We need support 1n terms of
applying water management models and 1mplementing
avallable software for precise identification of
data needs. We need additional research,
including simplified operational models and use
of remote sensing, to acquire water quality data
to support reservoir regulation. We need
itnstrusents that are compatible with data
collection platforms and the Geostationary

Operational Environmental Satellite .GOES) that
are relatively maintenance free. We need
guidance regarding reseration 1n relation to

hydropower development at storage reservoirs and
navigation structures, We need to 1mprove
selective withdrawal capability for hydropower
releases. These needs obviously exceed the
resources of the research laboratory elements
and, unless agency priorities are changed, water
msanagement i1n the Ohio River Basin 13 likely to
experience unnecessary controversy.
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WESTEX REVISITED PREDICTED VERSLS
OBSERVED RESERVOIR TURBIDITY

1
D W Larson,Ph.D. and J.D Graham

2

1Limnologisc. Hydraulics and Hydrology Branch, Portland District.U.S.A E . Portland.Oregon.

Hydrologist, Hvdraulics and Hydrology Branch., Portland District.U S.A.E., Portliand.Oregon.

ABSTRACT

Reservoir turbidity was simulated with a
mathematical model called WESTEX during
preimpoundment water quality studies of the Rogue
River Basin in southwestern Oregon. The main
objective of this simulation was to predict the
turbidity of reservoir release flows for a variety
of operating schemes and watershed hydrological
conditions A comparison between observed data
after the project became operational with simulated
data shows that the WESTEX predictions had been
very high and, hence, that the reservoir's
turbidity potential had been greatly overestimated.
WESTEX's unreliability raises questions about the
value of turbidity assessments which depend solely
on mathematical modeling. This paper offers
suggestions as to how studies to determine
turbidity potential might be made more reliable and
effective.

INTRODUCTION

WESTEX Is a reservoir rtemperature and turbidity
simulation model that was developed for Portland
District, Corps of Engineers in the early 1970's
(Fontane et al. 1973) This model was used during
preimpoundment water quality studies to estimate
the turbidity potential of three large multipurpose
dams in the Rogue River Basin, Oregon (U S. Army
Corps of Engineers, 1974)

WESTEX's development and use, costing over one
million dollars, was one of several commitments
made by Portland District to ensure protection of
the Rogue River from the possible disrupcive
effects of dams Another commitment was the
installation of reservoir intake towers with multi-
level ports for selective withdrawal capability
(Figure 1) to avoid the discharge of poor quality
water or, alternately, to discharge reservoir water
capable of enhancing water quality downstreanm.
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Figure 1. Cross-section view of intake tower at
Logst Creek Lake Oregon.
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At Lost Creek Reservoir, selective withdrawal
capability was increased substantially by the
addition of a turbidity conduit (Figure 1)
facetiously called an "elephant trunk,” for rapid,
downstream disposal of turbid inflows whenever
river turbidities throughout the Rogue River were
naturally high because of frequent winter storms
and high streamflow conditions (Larson, 1982).
These commitments were certainly appropriate and
necessary., not only for safeguarding the Rogue
River's famous and much-valued fish runs (Larson,
1984), but because most of the lower Rogue River
had been officially designated as "wild and scenic”
and, therefore, would require careful operation at
upstrean dams to assure that its essential
atcributes would be preserved.

A major objective of the WESTEX study,
hence . was to predict release-flow turbidities for
several combinations of yearly runoff conditions
and selective withdrawal operations. In this paper
we compare WESTEX predictions with & years of
observed (postimpoundment) reservoir ahd release-
flow turbidity data, collected routinely at lost
Creek Reserveoir, to assess the reliability and
usefulness of the WESTEX model. We also report on
the selective withdrawal manipulations at Lost
Creek Reservoir to minimize the problem of
turbidicy downstream and in the impoundment
finally, we discuss why WESTEX performed so poorly
and suggest ways to improve the model’s capacity to
predict water quality {mpacts

WESTEX ADAPTED TO TURBIDITY PREDICTIONS

WESTEX was originally desgned to simulate
thermal and chemical stratification in a reservoir.
and to predict temperatures and dissolved-solids
concentrations for reservoir-release flows (Clay
and Fruh, 1970). The model’s execution of three of
its mathematical components- - 1) vertical
placement of reservoir inflows, (2) the extent of
vertical wmixing, and (3) the depth of reserveir
withdrawal-- relies almost solely upon reservoir
density stratification, either phvsically or
chemically induced. For example, the model directs
reservoir inflows into that reservoir stratum whose
density equals the density of the inflow The model
then vertically mixes the reservoir, to whatever
extent necessary, to attain a stable density
gradient. This stability must be obtained before
WESTEX can calculate the depth of reservoir
withdrawval.

Fontane et al (1973) justified the use of
WESTEX as a reservoir turbidity model on the

underlying assumption that suspended sediment,
which causes turbidity, can be budgeted for and
routed through a reservoir system, similar to the
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budgeting of heat and dissolved solids for other
water quality predictions The model's output,
predicted concentrations of suspended matter in the
reservoir and in outtlows, is converted to
rurbidity predictions by linear regression,
establishing a "correlation” between turbidity and
suspended matter (U.S Armv Corps of Engineers,
NS

WwESTEX CALIBRATION AND VERIFICATION

WESTEX was calibrated with actual turbidity
dara collected by Klingeman et al 19713 at Hills
Creek Reservoir. Oregon. Hills Creek had been
chosen for WESTEX wveritication simply because it
~as the onily reservoir among Portland District’'s 16
reservoir projects with turbidity data
Unfortunately. Hills C(reek was unique in another
respect The reservoir contained a deepwater layer
of relatively turbid water (Figure 2). which caused
considerable turbidity downstream whenever the
Jeeper water was released from the project
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Figure 2 Vertical turbidity profiles for Hills
Creek Reservoir.Oregon, 1971 (Klingeman et al
1971) -
Deepwater turbidity had persisted for vyears in
Hills Creek owing to the reservoir’s poor flushing
ability and the predominance of extremely fine-
particle. hence slow settling, montmorillonite clay
in suspended loads entering the reservoir
{Klingeman et al. 1971, Larson, 1979)
Interestingly, it was the Hills Creek turbidity
situation which had prompted Portland District to
undertake the preimpoundment turbidity assessment
for Lost Creek Reservoir, wusing the WESTEX
turbidity model

Several assumptions were required before the
Hills Creek Reservoir turbidity structure could be
simulated with WESTEX (Fontane et al. 1973; U.S.
Army Corps of Engineers, 1974). Firs:, the
reservoir’s initlal thermal and turbidity profiles
wJere assumed to be uniformly 4 .4° and 5 NTU,
respectively Second. {t was assumed, because of
the characteristically slow settling of Hills Creek
clays, that soills and other particulate matter in
the reservoir’'s water column would be held in

R R T W I I D R W T P P o e e U N o o W O O W O P O T T O W T ST T T O VT OV WO e w—rver

suspension, i e, have a =zero settling rate
Third, stormflows pgreater than 2000 cfs were
mathematically plunged to the reservoir bottom
followed by a 50 percent reduction in reservoir
turbidity. Fourth, coefficients for heat diffusion
and light extinction were assumed to be 0 1 and
0.05. respectively; other parameters, such as heat
absorption and heat entrainment were also assumed.
Fontane et al. (1973), after a series of
computer trials, best-fit WESTEX to the Hills Creek

Reseryoir prototype. They stated that they
"obtained reasonable agreement between the
predicted and observed turbidity profiles." The

verified WESTEX turbidity model, calibrated to fit
the extreme turbidity gradient in Hills Creek
‘Figure 2)., was now ready for application at Lost
Creek Reservoir

LOST CREEK RESERVOIR TURBIDITY PREDICTIONS

Three  hydrologically different vears were
selected for WESTEX turbidity simulations: 1950
taverage runoff), 1955 (low runoff), and 1938 (high
runoff) Additionally, a spring freshet in March
1972 was modeled to estimate the effect of highly
turbid inflows on the reservoir's turbidity
structure during reservoir refill (U S Armv Corps
of Engineers, 1974). A second regression analvsis.

flow versus turbidity, was used to compute
reservoir inflow curbidities for the particular
vears of study. This “correlatiun.” perhaps as

tenuous as the relationship between turbiditv and
suspended solids (APHA, 1985). was based on
approximately 35 rturbidity and flow measurements
recorded in 1971-72 (U .S Army Corps of Engineers.
1974) .

Turb{dity simulations were also made under
three project operational schemes, designated as
plans A, B, and C, in combination with various
assumed or actual watershed hydrological conditions
(U.S. Army Corps of Engineers, 1974) In Plan A,
all dam outlets were utilized year-round for the
sole purpose of meeting  water temperature
requirements downstream. In plans B and C. the
same temperature objectives were desired. but there
was also an attempt to meet turbidity objectives bv
using only the dam’'s 1low- elevation outlet. the
"elephant trunk," during the winter when flows and
thus cturbidities, in the Rogue River Basin are
highest. Plans B and C differ from one another in
scheduled wuse of the low-elevation outlet Under
Plan B, the outlet would be used from November
through February; Plan C would carry this use on
through  April, to pass highly turbid spring
freshets. The predicted data considered in this
report were generated under Plan C. which the Corps
eventually recommended for Lost Creek (U S Army
Corps of Engineers, 1974).

Reservoir turbidity predictions for 1950,
1955,1958, and 1972, are given in Figure 3
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Figure 3. Observed (0) versus predicted (X)
turbidity profiles in Lost Creek Reservoir, Oregon.
g
i Predicted profiles are compared with their
Chd respective observed years, i.e., 1982, 1981, 1983,
. ) and 1984 As demonstrated, WESTEX reservoir
"gp turbidity predictions were mostly 1 or 2 orders of
‘h magnitude above observed cornditlons (Figure 3).
A Similarly, predicted outflow turbidities were
higher than wvalues actually observed, but those
e differences were considerably less (Table 1) than
% those for reservoir turbidity; in fact, the
q‘ differences in outflow turbidity may be
. insignificant in some cases.
i
3
)
RE
-—

» .

W,

RS S SARCREL LR b TR,

Table 1. Observed versus Predicted
Outflow Turbidities (NTU).
Average Monthly Values,Plan C.
U.S. Geological Survey Records

Month 1982/1950 1981/1955 1983/1958 1984/1972

Jan 4765 1/5.0 2/5.0 5/12.5
Feb 5/4.5 1/4.0 2/8.0 4/26.5
Mar 5/4.5 2/4.0 3,9.0 5/32.5
Apr 2/4.5 2/6.0 2/7.0 4/28.0
May 2/5.5 2/6.5 1/9.0 3/13.5
Jun 1/6.3 1/5.0 2/1.5 2/9.0
Jul 0/5.8 2/4.5 2/6.5 3/8.0
Aug 1/5.0 1/4.0 /6.5 3/8.0
Sep 1/4.5 1/4.0 2/5.0 3/6.5
Oct 1/4.5 1/4.0 2/4.0 2/6.0
Nov 1/6.5 1/3.5 2/5.0 3/13.5
Dec 2/9.5 5/25 5 6/6.5 2/7.0

Average monthly turbidity values such as those
compared in Table 1, however, are probably not
indicative or representative of day-to-day outflow
turbidity conditions, which may vary substantially
over a 30-day period (Figure 4). Thus, predicted
versus observed comparisons may be uninstructive,
at least for outflow conditions
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Figure 4. Inflow versus outflow turbidities, Lost
Creek Reservoir,Oregon.

There are perhaps several reasons for WESTEX's
generally poor predictive record at Lost Creek.
Certainly, using Hills Creek turbidity data to
calibrate and verify the model, especially various
assumptions made to obtain correlation between
observed and  predicted turbidity profiles,

contributed to the model’s questionable
performance. In addition, the model generally
predicted that highly turbid stormwaters entering
Lost Creek Reservoir would be retained

indefinitely, when, 1in fact, these flows pass
quickly through the impoundment and on downstream.
That this quick outflow occurs is suggested by both
Figure 5 and data in Table 2, which show that
turbidity values for the period of record (1976-
present) are nearly as high at the downstream
station as they are upstream of the reservoir.
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Figure 5. Turbidity-density currents in Lost Creek
Reservoir. Oregon, 1981

Table 2 Statistical Comparison by Month
of Inflow and Outflow Turbidity Data
From U S Geological Survey Records

MEAN MIN MAX
NO NO TUR TR TUR

STATION MON OBS MISS NTU NTU NTU

14330000 Jan 229 50 3 0 32

(UPSTREAM) Feb 210 32 5 0 59
Mar 287 15 5 0 101
Apr 284 8 3 4] 21
May 289 1o 4 ] 47
Jun 247 13 4 0 85
Jul 106 4 3 0 al
Aug 295 8 1 0 12
Sep 248 16 1 0 40
Oct 270 9 1 0 22
Nov 180 132 3 0 77
Dec 129 65 3 0 59
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NO NO TUR TUR TLR

STATION MON OBS MISS NTU NTU  NTV
14335075 Jan 314 4} “ 0 190
(DOWNSTREAN) Feb 239 56 3 0 3s
Mar 330 27 3 0 55
Apr 279 19 2 0 20
May 316 25 2 0 15
Jun 302 12 2 0 15
Jul 365 14 1 0 3
Aug 382 7 1 0 v
Sep 3.7 27 2 0 19
Oct 374 21 1 v 15
Nov 316 28 2 0 80
Dec 323 13 “ 0 50

As seen (n Figure 5. a plume of sediment appears in
the upstream portion of the reservoir on 3
December., then moves as a concentrated nass along
the bottom of the reservoir. reaching the outlet on
8 December. At the outlet, a portion of the
sediment plume 1{s discharged downstream (as shown
in preceding Figure &) The estimated velocity of
this density current was approximately O 1 fps
(feet per second) during the monitoring period

Conventional applications of analytical
techniques such as Churchill {1947y, or
applications of reservoir hydraulics and sediment
settling velocity concepts would indicate that
nearly all of the fine sed{ment would remain in the
{mpoundment area In actuality, the hydrodynamics
of density currents are not well known According
to a density current study on Lake Mead (Howard,
1953), cthose currents consist chiefly of particles
smaller than 20 microns, whose settling velocity is
approximately 0.001 fps These fine sedimenrs
would require only 1 percent of the mean velocity
of 0.1 fps in the vertical to stay in suspension
Thus, we should not be surprised to find that
turbidity-density currents tend to move through
Lost Creek Reservoir, and thar tendency has been
efficiently demonstrated

Little information about particle-size
distribution of sediments vielded to Lost Creek
Reservoir 1is available At the very least, all

inflowing sediment of sand-size or larger is
deposited within the backwater or delta areas of
the reservoir (Brune, 1953. Churchill. 1948) The
fate of sediment finer than sand-sized (<0 62 mm)
is not so evident. Intensive monitoring of a storm
event in December 1981 showed that fine sediment
apparentlv follows the bottom of the reservoir as a
density current Figure S ctracks a turbidity-
density current from the upstream end of the
reservoir to the dam axis.

RECOMMENDED ACTIVITIES FOR A RESERVOIR TURBIDITY
STUDY

A primary feature of any sediment study
should be a sediment budget for the watershed of
study A sediment budget can be defined as
conceptualization of the tvpe and magnitude of
sediment sources and the linkage and timing of
sediment transport through the watershed (Swanson
and Fredriksen, 1982 ) A reservoir, {f irs
turbidity regimen 1{s to be accurately predicted,
cannot  be evaluated {n {solatfon A thorough
turbidity  studv wusi include an evaluation of
sediment vields to the reservoir as well as
sediment transport and deposition within the pool

A reservoir’'s sediment input is found by
studying 1ts tributary watershed's hvdrology,
sofls, geology., and erosional charecteristics
Geologic, soil, and hvdiologic resource maps show
what material might be vyielded to a strean channel

Larssn, et 3.
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The nature of erosional processes depends largely
on land-use, rainfall intensity, and slope, such as
rill and gully erosion on croplands or debris
avalanches and debris torrents in steep, forested
watersheds Aerial photos are the best means to
identify active areas of erosion, especially if
coverage of the reservoir’'s watershed has been
repeated

The timing and particle size of sediment
yielded to a reservoir site is identified by stream
gaging and sediment sampling. The intent of these
acrivities is to find a statistical relationship
between sediment transport and water discharge, by
sediment size This statistical relationship can
then readily be checked for persistence throughout
a water year and. of course. over a period of
several water years. Mineralogic identification of

the finer materials such as clay and non-inert
silcs is particularly needed, so that their
flocculation or dispersion when they enter the

reservoir
longer the
the flows
results.

The mathematical/statistical results of the
sediment discharge/water discharge relationship can
then be integrated with a flow duration curve to
determipe the estimated average annual sediment
vield to the proposed reservoir (Vanoni, 1977).

The proposed land use of a watershed is an

can be determined. As with any study, the
duration and the wider the spectrum of
sampled, the more conclusive the

important factor of expected reservoir
sedimentation. Changes in land use,such as
conversion of grazing to crop lands or timber
harvesting, may increase sediment yields
considerably. Therefore, a reservoir sedimentation

study should include analysis
well as present sediment yields.
The processes of sediment

of anticipated as

transport and

deposition in a reservoir are not completely known
at the present state of art. There are
uncertainties in defining effective flow and dead
storage {n a reservoir, densfty stratification,

secondary currents, and transport of fine sediments
within a pool. Sediments coarser than silts (> 0.62
mm) generally settle in cthe backwater and delta
areas of the reservoir. These coarser sediments can
be effectively and readily studied using a
hydraulics-based model such as HEC-6 (U.S. Army
Corps of Engineers, 1977).

The fate of fine and non-inert sedimencs, as
mentioned, is less well defined. Obtaining
estimates of retention of fine sediments in some

cases may be as simple as using a nomograph, such
as Churchill (1948) or Brune (1953); other studies
may require complex procedures such as x-ray
diffraction of sediments, sediment chemistry, and

numerical modeling. If numerical modeling, such as
WESTEX is wused, sediment transport processes must
be defined. In the previous study of Lost Creek
Reservoir, in which WESTEX modeling was used, the

possibilities of density currents and the
effectiveness of the turbidity conduit were not
taken into account. The projections derived from
this study suggested that Lost Creek would release
chronically turbid water. This the project has
never done.

There is a danger in making environmental
{mpact predictions: The process often becomes an
end in itself. Preimpoundment turbidicy

predictions, in this case, are merely planning aids
that will require testing in the postimpoundment
period to establish their authenticity (Hecky et

al 1984) As Nielson (1967) eloquently stated,
"Predictions are easily made: it is accuracy in a
prediction which is difficult.”
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ABSTRACT

Environmental consequences of construction of
new water resource projects or changes in opera-
tions of existing projects must be addressed. A
variety of tools developed during the Environmen-
tal and Water Quality Operational Studies (EWQOS)
program may be used to assess impacts of regula-
tion on stream water quality. These techniques
range from simple analytizal models to more
sophisticated unsteady flow water quality models.
Model applications have been made to a number of
systems in order to address riverine management
issues. Several of these applications are dis-
cussed to provide an overview of tools available
and their possible uses.

[NTRODUCTION

Like our other natural resources, we find
that water, too, is limited. To meet this chal-
ienge, the Corps of Engineers (CE) is seeking out
every obtainable benefit from our existing water
resource projects. Not only are our dams and
reservoirs valuable resources, but the tailwaters
below them are also becoming increasingly impor-
tant. Consequently, more environmental concern is
being focused on regulated stream environments
such as reservoir tailwaters and waterways.

A variety of modeling tools have been
developed and applied to study effects of project
modifications on riverine and stream water qual-
ity. These tools range from relatively simple
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analytical models to more sophisticated unsteady
flow water quality models. This paper provides
an overview of these various tools with a brief
description of applications.

ANALYTICAL MODELS

Some riverine and stream water quality
issues can be addressed with analytical models
that have closed solutions solvable with a hand-
held calculator. Questions about the initial
spread and dilution of a pollutant discharged
into a receiving stream can be determined with
such methods. In general, these analytical
models are referred to as integral jet-plume
models. Typically these models address the
question of whether a pollutant has been suffi-
ciently diluted over a reach of concern. An
example is the spread and dilution of return flow
from a confined dredged material disposal facil-
ity or other types of effluents (see Figure 1).

The integral jet-plume solution used depends
on physical characteristics of the discharge and
receiving stream. Guidance on selection and
application of these models can be found in a
publication by Holley and Jirka (1986). Although
application of these ana.ytical models is rela-
tively simple, selection of an appropriate proce-
dure can be a tedious task if one is not familiar
with the various models and their assumptions.
The test way to make these models readily useable
by even a novice would be to develop them and
their protocols into an expert system through

~SOLUTE.
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Figure 1. Two-Dimensional Spread and Concentration Distribution of an Effluent in a Stream
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Artificial Intelligence. This development, which
has been proposed by several researchers familiar
with this field, would lead the user through the
proper model selection and use.

After a discharge has fully mixed with the
receiving stream, the mass transport equation is
used to compute downstream transport and biochemi-
cal transformations of water quality constituents.
Most stream water quality issues can and should be
addressed with the one-dimensional (1-D) mass
transport equation. I[n other words, the only sig-
nificant changes in water quality occur along the
longitudinal axis (stream-wise direction), and
cross-sectional homogeneity is  assumed. If
steady, uniform flow can be assumed, and if con-
stituent kinetic processes can be adequately
described with rather simplistic relationships,
such as first order decay, then analytical solu-
tions are still possible. The stream model,
STEADY, is a good example of using an analytical
solution procedure to provide a relatively simple
method of modeling temperature and dissolved oxy-
gen (D0) in streams.

STEADY (Martin 1986a) is based upon 1-D, lon-
gitudinal, steady-state, analytical methods for
determining stream-wise varijations in temperature
and DO, STEADY allows comparisons of different
flow regimes, inflow loadings and meteorological
conditions on the spatial distribution of water
temperatures and dissolved oxygen concentrations
in flowing systems under steady-state conditions.
[t is easily applied and requires minimal input
data.

while STEADY is based upon analytical solu-
tions, its coding allows simulation of a series of
piece-wise non-uniform segments which make up a
river subreach. A series of subreaches with dif-
ferent, but steady, flows can make up the total
river reach modeled. The effects of withdrawals,
branches, and tributaries can be simulated.

STEADY was originally developed for the Nash-
ville District by the Waterways Experiment Station
(WES) to allow a reconnaissance level assessment
of temperature variations above and below a pro-
posed reregulation dam downstream of Wolf Creek
Dam, Kentucky. In  subsequent studies, the
unsteady flow model, CE-QUAL-RIV1, was applied to
the same system. Comparisons 1indicated that
STEADY provided water temperature predictions
nearly identical to time-averaged values from the
unsteady model. STEADY is considered appropriate
for other applications where steady-state or time-
averaged predictions are useful. The model has
also been applied by the Walla Walla District to
assess temperature variations in river reaches
affected by proposed drainage from Lake Malheur,
Oregon,

when assumptions that facilitate analytical
solutions become inappropriate or do not allow for
engugh flexibility, it becomes necessary to resort
to numerical water quality models. Numerical
water quality models for rivers and streams vary
widely due to the amount of detail allowed, the
number and type of water quality constituents, and
whether or not the model! allows for time-varying
conditions. Discussions that follow provide an

overview of two 1-D, numerical, stream water qual-
ity models used by WES on CE projects.

QUAL-TI

QUAL-IT is a 1-D (longitudinal) stream water
quality model having branching capability (Roes-
ner et al. 1977) and is maintained by the EPA.
The basic equation to be solved is the time
dependent water quality constituent transport
equation which allows for changes in each con-
stituent due to advection, dispersion, and
sources and sinks.

QUAL-IT subdivides a stream system into
basic sections called reaches. Each reach repre-
sents a portion of the river having similar chan-
nel geometry, hydraulic characteristics, and
chemical and biological coefficients. Reaches
are further divided into equally spaced units
called computational elements or nodes. The con-
stituent transport equation is solved simultane-
ously (implicitly) for all elements in the
system.

Hydraulic conditions (flow rate and depth)
used within the constituent transport equations
are determined from steady, non-uniform flow by
satisfying continuity and using either stage-
discharge relationships or solution of Manning's
equation with channel geometry information.
Steady flow implies that flow, velocity, width,
and depth at a given point in the stream are con-
stant with time. Non-uniform flow allows these
factors to change longitudinally from reach to
reach.

QUAL-IT was applied by WES (Hamlin and
Nestler 1986) to 108 miles of the Rogue River
downstream of Lost Creek Dam in Oregon. The
study objective was to provide the Portland Dis-
trict with a model that could predict the down-
stream effects on water temperatures of the Lost
Creek Dam cperation. Specific temperature ranges
are critical to Rogue River salmon abundance.
The model was calibrated and verified with data
collected from 1978 to 1981. Ffor this study, the
model was modified to allow for variable dis-
charge updates at inflow boundaries. Use of this
feature provided acceptable results as long as
flow updates were gradual with respect to the
system's travel time. Flow changes in this sys-
tem were gradual, thus this model was selected as
opposed to using the CE-QUAL-RIV1 model. The
model was considered to be quite accurate for
temperature predictions as Figure 2 demonstrates
for the Merlin gage (River Mile 86) during 1979.

One problem encountered in the Rogue River
study was the lack of flow and temperature data
for many of the tributaries. The ungaged tribu-
taries were estimated to contribute 30 to 50 per-
cent of the flow in the river depending on the
time period modeled. To solve this problem,
regression equations for temperature and flow
based on STEADY (Martin 1986a) and basin charac-
teristics, respectively, were developed for these
tributaries. This development substantially
improved model accuracy.

The Rogue River model has been developed
within an interactive, user-friendly system so
that the Portland District can easily apply the
model for various operational scenarios,

At the time this paper was prepared, the
QUAL-11 model was also being applied by WES to
the Red River in Louisiana for the Vicksburg Dis-
trict (Martin 1986b). The objective of the Red
River application was to assess the impact of a

Dortch, et al.




25C0
2200 - LEGEND
— QBSERVED
—==PREDICTED
1900 :&'l\
"
I
1600 “A"’
© vl
w ] ¢y
x
2> !
2 1300 |
x
I\
- "
" o0 |- !
&
700 A
400
¥
100 { 1 1 1 1 1 1 1 1 1 1 J
0 3000 60 00 90 00 120.00 15G.00 180 00 21000 24000 27000 300 00 33000 360 00
JULIAN DAY

Figure 2. Comparison of Predicted Temperature Using QUAL-1I with Observations for the Rogue River at the

Merlin Gage during 1979

series of lock and dams on DO concentrations in
the waterway. The model was calibrated with data
collected during 1979 and 1985. The 1979 and
1985 data were collected prior to and following,
respectively, the construction of Lock and Dam 1.
The model was then used to assess the effects of
the ongoing staged construction of a series of
five lock and dams and the effects of the
completed project. The application allowed
assessment of structural reaeration requirements
for maintaining DO concentrations in the waterway.
The effects of present as well as projected future
toadings were assessed.

CE-QUAL-RIVL

CE-QUAL-RIV1, a 1-D, unsteady flow, riverine
water quality model (Bedford et al. 1983), actu-
ally is comprised of two sub-models: a hydro-
dynamic model, RIVIH, which can stand alone and a
water quality model, RIV1Q, which requires output
from RIVIH or another routing model to drive it.

RIVIH uses the four point, implicit, finite
difference scheme to solve for flows and eleva-
tions. The model's formulation allows unequa!l
steps in time and space and simulation of branched
river systems with multiple hydraulic control
structures (flow regulating structures such as
weirs and dams).

RIV1Q uses a two point, fourth order accurate
scheme to calculate advective transport. This
allows sharp gradients in water quality constit-
uents to be accurately resolved. The program can
simulate ten water quality variables: tempera-
ture, dissolved oxygen, CBQD, organic nitrogen,

ammonia, nitrite plus nitrate, phosphate, dis-
solved iron and manganese, and coliform bacteria.
Reaeration may take place via stream reaeration,
wind-driven reaeration, and reaeration through
control  structures. Temperature may be
modeled with a direct energy balance method or
equilibrium temperature calculations.

This model's versatility in simulating time-
varying flows and water quality has lead to its
use in a variety of situations. Three applica-
tions presented here cover a wide range of sys-
tems and constraints. The Chattahoochee River
study (Zimmerman and Dortch 1986), conducted for
the Savannah District, addressed potential
effects on water quality of building a proposed
reregulation dam below a peaking hydropower dam
(Buford Dam) to meet projected water supply needs
for the Atlanta area. The Wolf Creek Dam study
(Martin 1986c) on the Cumberland River in
Kentucky (Nashville District) addressed water
quality impacts associated with proposed modifi-
cations of adding peaking production and a down-
stream reregulation dam to an existing baseload
hydropower project. The on-going modeiing effort
for the Lower Ohio River Multipurpose Study
(LORMS) of the Louisville District addresses the
water quality impacts of retrofitting for hydro-
power generation six lock and dams on a major
inland waterway.

In the Chattahoochee River study, CE-QUAL-
RIVI simulated unsteady flow and water quality
conditions over S0 river miles. Concerns
addressed in the study included possible devel-
opment of unsuitably high temperatures, low
dissolved oxygen concentrations, and high
concentrations of dissolved manganese and iron,
Summer and autumn water quality conditions were
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modeled as they represented times when highest
temperatures and lowest dissolved oxygen concen-
trations, respectively, could be expected. The
model was calibrated and verified using prototype
data for most of the model variables and a variety
of conditions. Figure 3 demonstrates how well the
mode! predicted stages, dye concentrations, and
temperatures as a power wave moved downstream.
After the model was fully calibrated and verified,
Zimmerman and Dortch (1986) made numerous simula-
tions to compare various conditions with and
without the proposed reregulation dam and to
investigate various reregulation dam design and
operational alternatives.

The CE-QUAL-RIV1 model was applied to a
16 mile reach of the Cumberland River below Wolf
Creek Dam, Kentucky. Hydropower modifications
have been proposed which include uprating existing
units, a change from base load to peaking opera-
tion, and construction of downstream rereguiation
dam to attenuate the power wave. Like the Chatta-
hoochee River study, the highly unsteady releases
from Wolf Creek Dam required application of an
unsteady flow model, such as CE-QUAL-RIV]1, to
examine time-varying conditions. The objective of
the model study was to assess the impact of the
proposed modifications on water quality and fish-
eries habitat. Fisheries habitat was evaluated by
Curtis et al. (1986) using the PHABASIM system
(Milhous et al. 1984) driven by the unsteady flow
output of RIVIH.

The LORMS application, currently in progress,
examines how proposed retrofitting a series of
lock and dams for hydropower may influence water
quality, especially dissolved oxygen, along about
500 miles of the lower Ohio River. The system is
being modeled for mid through late summer condi-
tions, when severest water quality impacts may be
expected. To facilitate this application, RIVIQ
is being coupled to another unsteady flow hydrau-
lic model that was previously applied by the
Louisville District to this river reach. CE-QUAL-
RIV] was chosen for this study because the retro-
fitted hydropower may involve peaking operations,
and the multiple lock and dams can be handled more
easily with the capabilities of this model.

CE-QUAL-RIV] has already proved itself a val-
ueble and reliable tool for predicting water qual-
ity in a wide variety of riverine and reservoir
tarlwater situations. while unsteady flow model-
ing is a primary attribute of the code, steady
flows can be simulated as well. Different
approaches to predicting temperature are easily
implemented, and the code includes several methods
for modeling reaeration. The ten water quality
variables presently 1n the program cover most com-
mon water quality modeling situations, and select
variables can be modeled without having to model
all ten.

CONCLUSIONS

No single method is appropriate for address-
ing all water quality issues in regulated streams.
Differences in stream environments and management
issues require that a variety of tools be avaii-
able for assessing existing or predicting future
impacts of reservoir releases and stream regula-
tion, The various stream water quality models
discussed here have provided an effective means of
addressing reservoir taillwater and stream water
quality issues. Each particular model presented

has its own merits and limitations and should be
selected based on the specific needs of an
application.

Additional research is presently underway to
better identify and describe factors influenc-
ing the quality of reservoir tailwaters. An
additional tool under development is the system
for Management and Analysis of Tailwater Quality
(MATQ), which will provide a user-friendly method
of estimating, with limited input data require-
ments, effects of reservoir releases on down-
stream water quality. The need for such
information and techniques to aid in understand-
ing and managing our reservoir tailwaters and
regulated streams becomes increasingly important
as we attempt to increase benefits we obtain from
our projects.
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Effects of Aeration and Minimum
Flow on the Biota and

Fishery of Norris Tailwater

by Donley M. Hill
and William M. Seawell

Tennessee Valley Authority
Knoxville, Tennessee

ABSTRACT

Low dissolved oxygen (DO) in the releases
from Norris Reservoir was improved through tur-
bine venting in 1981, and minimum flows were
increased in 1984. Subsequently, several bene-
ficial changes have occurred in the tailwater.
Invertebrates sensitive to environmental stress
have increased, and trout condition has improved
somewhat during the season when low DO 1is most
pronounced. These improved conditions have
allowed an increase in number of trout stocked
and in fishing use of the tailwater. A trophy
fishery for brown trout has developed and is
receiving wtdespread publicity. Possible
reasons for the lack of complete recovery of
aquatic life are presented.

INTRODUCT ION

Hypolimnetic discharges from storage reser-
volrs can significantly affect downstream commu-
nities of fish and benthic invertebrates through
altered stream temperatures, extreme and fre-
quent fluctuations in flow, inadequate minimum
flows, lncreased heavy metal concentrations, and
reduced stream organic matter. Some of these
effects can be positive (Axon, 1976). Cold
hypolimnetic releases have created many miles of
big river trout water where previously none
existed. However, several conditlons caused by
these releases are detrimental to both fish and
benthic invertebrates, principally low dissolved
oxygen (DO), inadequate minimum flows, and
associated phenomena. Low DO concentrations
have been demonstrated to limit growth and sur-
vival of fish 1in 1laboratory studies (USEPA,
1986); and similar effects are believed to occur
in some tallwaters.

Invertebrates such as mldges, 1sopods, and
amphipods are tolerant and are often very abun-
dant in streams with 1low DO (Davis, 1975).
Benthic 1invertebrates such as mayflies, stone-
flies, and caddisflies are, however, sensitive
to low 00 and are not abundant In affected
waters. I[nadequate minimum flows can cause sub-
strate drying, reduce available habitat, and
favor invertebrates which are adaptable to these
conditions. These invertebrates also include
many of the same types that acre tolerant of low

Do, 1.e., midges, isopods, and amphipods.
(Brown et al., 1968).
Adverse effects of low DO on fish may

include loss of appetite, depressed growth and
condition, 1increased susceptidbility to disease
and predation, and in extreme cases, mortality.
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Low DO also limits the number of fish species in
a stream and the size and diversity of fish food
organisms. Low stream flows below tailwaters
reduce water depths and velocity and change the
amount of preferred habitat for individual
species and can reduce the number and weight of
fish a stream can support both by direct \influ-
ence on thelr physical habitat and by affecting
the food base.

Approximately 191 miles of the tallwaters
of 10 tributary reservoirs operated by tLhe
Tennessee Valley Authority are affected by low
D0 and/or lack of minisum releases. In these
stream reaches, fish and aquatic invertebrates
are limited, and recreatlonal use is held well
below its potential.

A study of the Norris tailwater from
1971-1977 (Boles, 1980) identified low DO and
lack of adequate minimum flow as the primary
factors 1limiting further development. of the
trout. fishery. Partly us a result of these
findings, TVA's Reservoir Releases Improvements
Program (TVA, 1980) began an effort to improve
dissolved oxygen and flow conditions in the
tailwater. In 1980 a hub baffle system was
installed and tested intermittently on one of
the two Norris turbines. This aeration system
increased minimum DO 1in the releases by an
average of about 0.7 mg/l in 1981, and ?-3 mg/l
from 1982-1985. The system was operated when DO
in the releases fell below 4 mg/L.

Construction of a flow reregulation weir
approximately 3.2 km (2 mi) downstream of Norris
Dam was completed in May 1985, and water stored
behind the welr, supplied by pulsed flow from
the hydropower units, has since provided a mini-
mum flow of approximately 5.7 m3/s (200
ft3/sec) downstream. Approximately 1/2 hour
of flow Prom one turbine is required to fill the
pool behind the weir which supplies flow down-
stream for twelve hours.

The purpose of this paper is to describe
changes in Ffish, invertebrate populations, and
angler use in Norris tallwater that have accom-
panied aeration of releases and operation of the
flow reregulation weir.

MATERIALS AND METHODS
Description of Study Area

Norris Dam impounds a storage reservolr
located at mile 79.8 of the Clinch River. It
was impounded in 1936, covers 13,8al ha (34,200
ac) at normal full pool level, and has a
drainage area of 7,%39 kmZ (2,912 m?).
Water is normally released from the resecrvoir's
hypolim- nion through two hydroelectric units.
Maximum two-unit discharge is approximately 24l

m3/sec (8,500 ft.3/sec). Flow 1is controlled
primar- 1ly for peak power generation to meet
power loads.

DO varies seasonally in the releases from
Norris Dam, with lowest concentrations {(as low
as 0.6 mg/yl) wusually rcecorded in the early
autumn. A typical DO and temperature, and dis-
charge cycle is shown in Figure 1.
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Figure 1. Representative DO, temperasture, and
discharge trend in turbine discharge
from Norris Reservoir for 197S.

The tailwater extends approximately 22.5 km
(12 mi) downstream from Norris Dam to the head-

waters of Melton Hill Reservoir. Average width
of the river at two-unit flow from Norris Dam is
approximately 131.6 m (432 ft), while under
minimum flow conditions width is 94.5 m (310
ft). Water level in the river fluctuates about
1.8 m (6 ft) between periods of two-turbine
generation and no generation. Average unreg-
ulated flow at the dam site (1903-1969) was
120.8 m3/sec (3,624 ft/sec). Stream
gradient 1s about 0.6 m (2 ft) per mile with a
normal sequence of pools and riffles. B8edrock
is the primary substrate in the tallwater, with

small patches of rubble, gravel, and cobble.
Extensive growth of [ilamentous green algae,
primarily Oedogonium with small pockets of

Cladophora, covers much of the bottom.

The river is used for boat, bank, and wade
fishing. Most bank and wade fishing takes place
when the turbines are off and access )s limited
primarily to the upper 6.4 km (4 ml) below
Norris Dam and a short section 22.5 km (1a mi)
downstream of the dam. Most boat fishing takes

place when the turbines are operating. At full
flows the entire 22.5 km may be floated.
Benthos

Four quantitative samples for benthic

invertebrates were collected at each of 5 tail-
water locations (Figure 2) with an unmodified
0.09 m@ (1 ft2) surber sampler with a 750
micron mesh net. Samples were collected from
shoal areas less than 0.3 m deep from substrate
consisting mostly of cobble and/or rubble.
Samples were f[ixed in a 10 percent formalln
solution. After sorting, invertebrates were
preserved in alcohol, \identifted (usually to
genus), and counted.

Fish Population Sampling

Samples were collected with chemical fish
toxicants (sodium cyanide or rotenone) at river
miles 77.1 and 70.% from 1971-1977 and
1680-1985. River mile 70.5 was not sampled in
1973 or 1977. Sampling was conducted twice
annually in summer and autumn). Fish collected
in these samples were identified, welghed, and
measured.
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Sampling Stations

O Benthos
@® Fish
Figure 2. Sampling stations for benthos and fish
in Norris tailwater.
Creel

A roving creel census based on non uniform
probability design developed by Dr. Don Hayne,
North Carolina State University was used.
Sampling was conducted 1in accessible areas of
the tailwater five (5) days a week. All week-
ends and holidays were \included; then enough
weekdays are randomly selected to complete the
needed number of workdays during a period.
Census days were divided into two work periods,
sunrise until noon, and noon until sunset. The
period censused for each day was chosen by can-
dom selection. The time for a count of anglers
was then chosen by random selection. At this
preselected time the clerk counted all persons
fishing in accessible areas. During the

remainder of the day tLthe clerk interviewed
anglers. Information collected included time
fished, number caught, and length and weight of

individual fish.

The fishing pressure count was then
expanded to estimate total fishing pressure for
the day. Harvest estimates were made for each
period as the product of mean dally effort and

estimated mean catch per effort. Estimates from
individual periods are summed to produce
monthly, quarterly, and annual estimates.

Hi1ll, et 4.
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Trout Condition

Relative condition, proposed by LeCren
(1957) to eliminate trends in condition associ-
ated with length, was used as a measure of the
changes in  plumpness {condition) of fish
harvested by anglers. Condition was used to
examine changes in growth rates after aeration
of releases and increased minimum flow.

RESULTS AND DISCUSSION
Physical Changes

Aeration and flow enhancement measurably
improved physical habitat 1n Norris tailwater.
The minimum dissolved oxygen concentrations 1in
the releases which typically occur during August
through October were elevated by as much as 3
mg/t immediately below the dam and the effects
diminished downstream (Figure 3). Flow, temper-
ature, and water quality modeling (Beard and
Hauser, 1986) under low flow conditions (pulsing
to maintain weir pool) typical of weekend oper-
ations indicate that the increased minimum flow:

1. Decreased daily maxi.wum temperature dby 0.5 -
19 ¢c.

2. Increased daily minimum DO by about 1 mg/t
below the weir.

3. Decreased daily maximum DO by about 2 mg/t
below the welir.
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Figure 3. Mean DO (Mg/P) during & "typical®
24-hour period with 2-unit discharge
(8,000 cfs) from 10 a.m. until 10 p.m.
with and without hub baffles {(after
Beard and Hauser, 1986).

Under high flow conditions water residence times
are considerably reduced, dampening diurnal
variations in DO and temperature.

Flow model simulations under minimum flow
conditions also indicate the wetted area of the
stream is ilncreased about 25 percent as a result
of impoundment upstream of the weir and about 10
percent downstream from a sustained minimum flow.
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Effects on Benthic Fauna

Although the Norris tailwater benthic fauna
community continues to be dominated by chiron-
omids, isopods, and amphipods, less tolerant
taxa are occurring more frequently (Figure 4&).
Caddisflies, crayfish, snails, stoneflies, and
mayflies, all desirable food for trout, now
occur more frequently at all stations in the
tailwater except immediately below the dam.
Caddisflies, crayfish, and snails are also
beginning to influence the benthic fauna commun-
ity structure as their percentage composition
increases relative to other taxa (Table 1). The
overall numerical abundance of bottom fauna
organisms in samples taken ha. not changed
significantly since aeration and flow enhance-
ment, even though these desireable forms are
more abundant.

The delayed, and as yet incomplete recovery
of the Norris tallwater benthic fauna community
may be because DO is still too low to allow
survival and reproduction of some sensitive
benthic species, a shortage of colonizers, or
because full recovery simply takes longer than

Table 1. Percent composition of 10 taxa of
bottom fauna organisms in Norris
Tailwater from 1971-198S.

Taxonomic Community Peccent Composition

Group 1971-1975 1980-1984 1985
Caddisflies 0.27 1.07 3.43
Mayflies 0.01 0.01 0.01
Stoneflies 0.01 0.01 0.01
Black flies 9.11 3.98 6.54
Midges 59.98 70.74 59.99
Crayfish 0.00 0.03 0.04
Snails 0.0% 0.12 0.43
Amphipods S.76 6.13 11.13
Isopods 17.60 9.26 12.60
Others 7.21 8.65 5.72

expected. A tranplant of additional \inverte-
brates was made into the tallwater in 1985 in an
effort to \increase the speed of recovery. The
results of this transplant are being monitored.

Response of the Fishery

Prior to 1971, the Norris tailwater trout
fishery was not intensively managed, and fishing
pressure was relatively 1light (estimated at
10,000 hours per year). Along with increased
stocking of both fingerling and catchable rain-
bow and brown trout (Table 2), angling pressure
has increased significantly during recent years
(Figure 95). Effort during 1980-83, when DO
improvements were made and public awareness of
the fishery at Norris \increased, was 17 percent
greater than the 19708 (average of 954,394
hours/year for 1980-83 vs average of 46,920
hours/year for the 1970s), an tincrease of
approximately 17 percent.

During 1984-85 following establishment of a
5.7m/sec (200 Ft3/sec) minimum Flow, angling
pressure again showed a 79 percent increase
{average of 83,388 hours/year) over the 1970s
and was also significantly greater than the
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Figure 4. Frequency of occurrence (percentage of samples which contained one or more individuals of a
particular order) of major orders of Norris tailwater bottom fauna organisms. Graphic scales
are for relative comparisons within an order and are not comparable among orders.

1980-83 period. Expansion of angling pressure
- is probably attributable to a number of factors,
tncluding: public interest und awareness of
efforts to enhance the fishery at Norris (i.e.,
00 improvements; increase in stocking of rainbow
trout; and successful establishment of a trophy
brown trout fishery); provision of more stable,
esthetically pleasing, and more “"fishable”
waters by maintenance of a minimum flow; and
additional access created by the flow reregu-
lation welr.

30000
caees
19000

During the 11 -year creel period (1973-77,
1980-85) an estimated 254,120 trout of all
species welighing 37,323 kg were harvested from
the tailwater. Total annual harvest of trout
increased significantly (Table 3). Average

L harvest was 19,656 fish (2,404 kg) per year in
AT PR ALY ] © WiNTER L UFRING

SUOS goeerp GEERE LUt the 1970s and 27,640 fish (4,217 kg) per year in
the 1980s. Increased total annual harvest was
related primarily to two factors, increased
Figure 5. Norris tailwater fishing effort (fish. total fishing effort and increased stocking of
erman hours per year), 1973-1977 and catchable-sized Fish which both occurred under
1980-1985. tmproved DO and/or flow conditions during the

1980s .
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g Table 2. Trout stocking record, Norris tsilwater Table 3. Estimated annusl harvest for the Norris
. 1973-77 and 1980-85. Numbers include Tailwater Trout fishery, 1973-77 and
:‘ both rainbow and brown trout. 1980-85.
5 -
Total Number of Total Harvest
Year Catchables Fingerlings Year (Number) Kilograms
¢
12
k 1973 48,290 0 1973 19,591 3,424
H 1974 14,842 244,285 1974 11,538 1.761
3 1975 0 209,359 1975 15,661 2,307
¢ 1976 0 159,989 1976 16,871 2,251
1977 10,001 180,256 1977 14,617 2,300
1980 37,743 160,000 1980 20,416 3,395
s 1981 10,000 145,723 1981 15,540 1,562
{‘ 1982 30,433 134,400 1982 18,389 3,602
! 1983 36,733 159,926 1983 33,436 3,124
3 1984 29,084 180,000 1984 44,085 8.098
':‘ 1985 37,759 159,572 1985 33.976 5.518
H = ——
U
Total 294,120 37,316
z 23,102 3,392
The number or weight of fish harvested in a
unit of time (catch rate) 1is probably the best
f: measure of changes in a fishery. Figure 6 shows
L yearly catch rates in Norris tallwater. Average Average drop 1in LeCren condition of trout
': annual catch rates improved from 0.34 Fish/hour between summer and autumn is shown in Figure 7.
s in 1973-77 to 0.43 fish/hour for 1980-85. Aera- There 1s an apparent trend toward improving
“I tion of the releases and establishment of a trout condition following aeration, although
:: minimum flow had little direct effect on catch there are no statistically significant differ-
' rate. These improved catch rates were however ences between pre- and post-aeration years. The
highly correlated with increased annual stocking best year on record occurred during 1985. Flow
of catchable sized trout, demonstrating that the is apparently a major factor affecting this
\ fishery was \mproved by altered stocking strat- condition, since high turbine discharges expose
d egies which took place concurrently with, and fish to low DO for long periods, even with tur-
[¢ are impossible to separate from, improved DO and bine aeration. Record low flows occurred in
4, flow conditions. summer and autumn 1985, while 1984 had extremely
k) high flows.
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(]
r g
N e e i RN
v T -5 o i
_ 5 s i ( !
) A [ '
) % N -19] b
: T fd £ i —
= | E -
4 §°~5 - g ) -2e :
i < J -
I’ = . ?
i
o 2.0 S y v
¥ 1971 1974 1975 1976 1077 1523 1981 1382 17931 1984 1985 1972 1974 197 1978 1988 1982 198¢ 1986
3 vEae vEaR
' e 3eTER iR e i
[ Figure 6. Norris tailwater angler success Figure 7. Percent change in LeCren condition of
R (number of fish caught per hour of trout in Norris tailwater population
£ effort) during 1973-1977 and 1980-1985. samples between July and October.
*t
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N All actions in concert have dramatically
X improved the fishery in Norris tailwater.
Recovery of invertebrates is still not complete,
and growth of individual trout has been only
minimally affected, indicating a need for addi-
] tional 1increases in dissolved oxygen in the
A releases and possibly increased minimum flow.
.: Additional access would also allow increases in
.' fishing use in the tailwater.
s
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Because no dramatic improvements in fish
condition have taken place after aeration, we
conclude that DO has not improved sufficlently
to produce measurable changes \n fish growth.
Recent experiments 1in large channels at TVAs
Aquatic Research Lab (TVA, unpublished) \indicate
that under fluctuating conditions, mean DO
concentrations of around 6 mg/\ are required
to bring about significant improvements in rain-
bow trout growth. Until such concentrations are
achieved in Nocrris tailwater, measurable
improvements in fish condition are not likely to
occur. This finding is further substantiated by
the fact that condition of trout in Norris tatil-
water starts to decline when DO in the releases
falls below about 6 mg/t.

SUMMARY AND CONCLUSIONS

Seasonal aeration of the releases from
Norris Reservoir ©beginning in 1981 and an
increased minimum flow of 5.7 md/sec (200
fr3/sec) dramatically tmproved dissolved
oxygen and flow conditions in the 22.5 km (13
mi) reach of the tallwater. With these laprove-
ments some beneficlal changes in the tailwater
biota have also occurred. Invertebrates which
are more sensitive to environmental pertur-
bations and desireable as fish food (caddis-

flies, mayflies, stoneflies, crayfish and
snalls) began to occur more frequently through-
out the tallwater beginning in 1985. The

delayed and incomplete recovery may be a result
of DO levels which are still below threshold
levels for survival and reproduction of some
sensitive benthic species, the scarcity of
available colonizers, or a longer than expected
time required for full recovery.

Pishing pressure, catch rate, and total
annual harvests, increased significantly during
aeration and following increased minimum flow in
the tallwater. These lncreases are belleved to
be due to an increased pudblic awareness of
efforts to improve the Ffishery: \improved DO
during critlcal periods of the year; more
stable, esthetically pleasing flow conditlons;
increased trout stocking; and \improved access
around the weir.
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PREDICTING EFFECTS OF REREGULATION
DOWNSTREAM OF BUFORD DAM, GEORGIA

John M. Nestler

Research Ecologist, USAE Waterways Experiment Station, Vicksburg, Miss

ABSTRACT

This presentation describes a case-history
application of the Physical Habitat Simulation
(PHABSIM) system, developed by the US Fish and
wildlife Service. The application resolved poten-
tial instream flow conflicts between needs for
water supply and trout habitat that would result
from operation of a reregulation dam downstream of
8uford Dam, (Chattahoochee River, Georgia. This
study documents how potential downstream conflicts
between project cperation and fishery concerns can
be approached, formalized and resolved from both
an institutional and technical standpoint. The
study results indicate that multiple downstream
uses of the releases from the reregulation dam can
be accommcdated with relatively minor changes in
project operation.

INTRODUCTION

As part of water resources development and
management, reservoir projects are operated for
flood control, water supply, navigation, irriga-
tion, power generation, and other beneficial uses.
However, operation of reservoir projects, partic-
ularly peaking projects, can cause considerable
modification from preimpoundment conditions in the
downstream reaches. Peaking hydropower operation
can have potentially severe effects on the tail-
water ecosystem because of extreme short-term flow
and water guality alterations and Tlong-term
changes in channel morphology. These effects are
restricted more to peaking operation than other
types of project operation because of the rapid
changes in flow associated with meeting peak
demand for power and because most peaking projects
are deep release. Deep releases usually depart
riore from equilibrium conditions than surface
releases, particularly in the summer,

One alternative often identified to decrease
the detrimenta) effects of peaking operation is to
construct a smaller dam downstream of the peaking
hydropower project to reregulate the releases.
The smaller rereqgulation dam attenuates or elimi-
nates the peaking releases and instead releases a
more constant flow into the river. However, the
benefits and trade-offs associated with reregula-
tion have not been well quantified.

This case-history study presents results from
a cooperative study performed by the USAE Water-
ways Experiment Station and the US Fish and
Wildlife Service to predict the effects of reregu-
lation of the Chattahoochee River below Buford
Dam, Georgia on downstream trout habitat (Nestler
et al. 1985) using the PHABSIM system. This
study was limited to trout (juvenile and adult
brown trout - Salmo trutta, adult rainbow

trout - S. airdneri, adult brook trout -
Salvelinus “fontinaiis) although many other spe-
cies of fish also occur in the Chattahoochee

River (Hess 1980) because of the value of the
trout fishery.

Study Background

In 1974 county governments in the Atlanta
vicinity determined that demands on the Chatta-
hoochee River for water supply plus the stream-
flow required for water quality nearly equaled
the minimum low flow release from Buford Dam
(Atlanta Regional Commission 1981). Projected
increases in water supply demand in the following
years could not be supplied under the existing
release schedule in the river. In response to
the anticipated shortage of water, regional plan-
ners suggested a number of alternatives to
increase the base flow in the Chattahoochee
River. The preferred alternative for providing
future water supply was construction of a reregu-
lation (rereg) dam about 6.3 river miles down-
stream Buford Dam. The proposed rereg dam would
release a much more constant flow than the peak-
ing flows present]y released from Buford Dam
(generally, a maximum release of approx1mate1y
8000 cubic feet per second (cfs) or minimum
release of about 550 cfs) by st ring the genera-
tion releases from Buford Dam for gradual release
during non-generation periods. The anticipated
minimum release from the rereg dam would be
approximately 1050 cfs. Considerable concern was
expressed that flow modifications caused by oper-
ation of the rereg dam (and resultant water qual-
ity changes) to meet increased demands for water
supply within this reach of the Chattahoochee
River could have a negative effect on the valu-
able trout fishery downstream of Buford Dam.

Site Description

The reaches of river investigated in this
study (Figure 1) are bounded upstream by Buford
Dam (River Mile 348.3) and downstream by the con-
fluence with Peachtree Creek (RM 300.5). Three
study reaches were identified based on the pres-
ence of actual or potential hydraulic control
structures. The results of this study are pre-
sented separately for each of the major reaches
of the Chattahoochee River: (a) from Buford Dam
to the site of the potential rereg dam, (b) from
the site of the potential rereg dam to the Head-
waters of Bull Sluice Lake and (c) from Morgan
Falls Dam (a small Georgia Power dam that creates
Bull Sluice Lake) to the confluence of Peachtree
Creek (river mile 300.5). The storage capacity
of Morgan Falls Dam has been substantially
reduced by siltation to the extent that daily
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e Figure 1. Map showing major features of study area.
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- operation is largely determined by the flows Chattahoochee River by the Georgia Game and Fish
) entering Bull Sluice Lake. Division. Juvenile brown trout are stocked down-
S stream of Morgan Falls Dam by the Georgia Game
2 Operation of Buford Dam for peaking hydro- and Fish Division with the assistance of Trout
,4(',,% power has considerably altered the preimpoundment Unlimited. Over 100,000 catchable-size trout are
,Ge:‘.' flow regime. Buford Dam is peaked for a minimum stocked in most years. Long-term survival of
,‘e‘;‘ of 11 hours per week with peak releases of about stocked brown trout has produced trophy-sized
Y 8000 cfs occurring during the afternoon and eve- fish, particularly downstream from Morgan Falls
Cy nings of weekdays. Minimum releases near 550 cfs Dam.
are discharged during ali other time periods. On
» autumn weekends, increased flows may be released MATERTALS AND METHODS
J,‘,o, from the dam to improve water quality conditions
‘!‘:'l' at the trout hatchery located¢ near Buford Dam. General Approach
e
.l..:l, The year-round availability of cool water has An examination and evaluation of the issues
,l,‘.‘r, allowed the development of a valuable “put-and- related to the proposed reregulation of Buford
FRNY take" trout fishery in this formerly warm water Dam releases indicated that, with some modifica-
-8, river. Harvestable-size rainbow, brook, and brown tion, the PHABSIM system could be used as a tool
trout are stocked at numerous points in the to predict and manage fish habitat in the
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Chattahoochee River. PHABSIM was selected
for the following reasons:

1) it is generally accepted by many agencies
as a defensible method to assess the
downstream effects of reservoir operation
on fish habitat;

the results of an instream flow study
using PHABSIM are particularly amenable to
resolving  potential water  resources
conflicts;

3) it is incremental, that 1is, it relates
small changes in operation to changes in
habitat for target life stages;

2

4) it is well-documented and supported;

5) it is flexible; the organization of the
system is such that changes can be made
easily as the state~of-the-art of fish
habitat simulation increases and addi-
tional studies provide more information
to the analysis.

PHABSIM Description
8ackground

The PHABSIM system is based on the observa-
tion that most species of fish prefer certain
combinations of depth, velocity, and cover and
tend to avoid other combinations of these param-
eters. [f the relative values of different depths
and velocities for each species are known and the
hydraulic conditions within the channel can be
described for different discharges, then it

becomes possible to determine both the quality and
quantity of habitat for each species of fish at
Thus, an

these different discharges. instream

flow study consists of three essential steps.
The first part involves a description of the
depth, velocity, and cover available in the river
at discrete discharges. The second part 1s the
development of criteria for each species of fish.
The last part of an instream flow study is to
combine parts one and two for each discharge of
interest to derive an estimate of the value or
worth of the river for each fish species at each
discharge. Figure 2 depicts a conceptualization
of the major steps involved in performing an
instream flow study. The discussion above pro-
vides only a summary of the conceptual basis of
the PHABSIM system. Dependirg upon the problem
at hand, the user may choose any of a number of
different options and approaches to complete an
analysis. The next sections will detail how these
general steps were applied to the Chattahoochee
River,

Suitability Curves

Criteria (or suitability) curves for each
variable (depth, velocity, and cover) must be
identified or generated to relate cell-by-cell
flow conditions in the study river reach to use-
ability by a target life stage. That is, the
value of conditions in cell(i) for a particular
target species or life stage can be assessed if
the criteria (the value of different velocities,
depths, and substrates) are either known ini-
tially or identifiable with further study.
Figure 3 presents the criteria curves used in
this analysis. Note that the range of potential
values vary from zero (nc value) to one (ideal
conditions) for each variable. For most applica-
tions of PHABSIM, depth, velocity, and cover are
assumed to be independent variables, even though
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First, as depicted in subfigure

A, depth D(i) and velocity V(i) and cover conditions, C{i), 1n cell(i) are measured or simulated for a

given discharge.
single habitat value for each cell,

These conditions are then evaluated relative to criteria in subfigure B to generate a
The habitat values for all cells in the study reach are summed to

obtain a single habitat value for the given discharge, depicted as a single point in subfigure C. This
procedure is repeated for different discharges to obtain the graph in subfigure C.
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Figure 3. Plots of suitability functions for velocity, depth, and cover for target species analyzed in
the Chattahoochee River Instream Flow Study. Note that suitability values range from O (no value) to 1.0
{optimal value).

these variables are known to be correlated. I[f suit{v, - suitability of the velocity in

necessary, bivariate representations of depth and
velocity can be used; however, field data must
then be collected to develop bivariate cri-
teria since almost all published criteria curves
present depth and velocity as independent vari-
ables, Additional information on interpreting,
evaluating, and generating criteria curves can be

cell(i) for a given discharge for
target life stage,

suit{c) - suitability of the cover in
cell(i) for target 1ife stage.

The amount of river area (WUA) available for a
target life stage in cell{1) can be represented

found in Bovee (1986). as
Estimating Habitat WCA{1) = areali) « W(1) 2)
where
In a typical application of PHABSIM, the val- WUA{1' - total weighted useable area of
ues for depth, velocity, and substrate in cell(i) the river surface area repre-
are each evaluated relative to the criteria for sented by cell(1},
the target life stage to generate a weighting fac- arealr) - area of river represented by
tor for the surface area of river represented by cell{1},
‘_‘.‘,’. cell(i) wW(1) - werghting factor for cell{i).
Ry
Aft‘ w(i) = surt{d) = suit{v) = suit(c) (1) The total weighted Lseable Area ‘WUA' in the
P whe-e _ study reach avairiable for use by the target life
"ﬁ‘q W{1, - weighting factor fo- celi(i), stage ‘or a giver discharge can then be repre-
»;*i suit(d) - suitability of the depth in sented as the sum of the weighted areas of each
ﬁlmnt. cell(1) for a given discharge for cell or
LA target life stage,
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i=1 (3)
WUA = I WUA(1)
n

WUA - total WUA for a given life stage,
WUA(i) - WUA in cell(i),
n - number of cells in the river
reach of interest,
- summation symbol.

[}

This formulation allows estimation of a single
habitat value for a river reach that is a func-
tion of discharge for the target life stage. The
habitat available at other discharges can then be
calculated in a similar fashion to generate a
habitat versus discharge relationship. Additional
information on different ways of combining indi-
vidual criteria curves to generate a composite
criteria or weighting value can be obtained in
Milhous et al. (1984).

This discussion presents only the most fun-
damental underpinnings of PHABSIM. Many other
techniques, options, and programs are available
that provide for complete analyses of water
development projects including comparisons of
different operational or structural alternatives,
time series analysis, and other types of habitat
analyses. The reader should consult Instream
Flow Information Paper No. 11 (Milhous et al.
1984) and No. 12 (Bovee 1985) for more details on
the use and application of PHABSIM.

Flow and Channel Geometry Description

Collection of detailed field data was
restricted primarily to shoal areas, particularly
downstream of Morgan Falls Dam, because of their
value for recreation and trout habitat. Reaches
that were considered to provide less trout habitat
were described using historical information previ-
ously collected either by the US Geological Survey
(Faye and Cherry 1980) or by the Corps of Engi-
neers (1974). Field data were collected by the US
Geological Survey using standard methods of stream

gaging.

A range of techniques are available in the
PHABSIM system to simulate cell velocities and
water surface elevation in a stream. The Water
Surface Profile (WSP) Program (see Milhous et al.
1984 for more detailed information) was used where
only cross section geometry data were available
and cell water velocity information was unavail-
able. For the reaches investigated as part of the
field effort for this study a stage-discharge
relationship, developed separately for each cross
section, was used to determine the water surface
elevations at different discharges of interest
(see Trihey and Wegner 1981 for more details}.
The IFG4 program was then used to determine the
velocities within the stre . channel given the
stage-discharge relationship (see Milhous et al.
1984 for more information on the IfG4 program).
Sensitivity analyses indicated that selection of
an alternative hydraulic approach would not have
had a significant impact on the final results.

Trout Suitability Criteria Curves

The criteria for the trout were based ini-
tially on information available in Bovee (1978).
However, the curves of Bovee (1978) were based on
trout behavior in trout streams in western states
and their use, without modification, on a highly
managed, upper piedmont, put-and-take trout fish-
ery downstream from a peaking hydropower project

) AR OO00
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in the southeast would be problematic, at best.
The criteria were modified (Figure 1) through con-
sultation with two experts designated by the
Georgia Game and Fish Division to make them more
applicable to the Chattahoochee River. The suit-
ability criteria for substrate, developed specif-
ically for this study, are shown in Table 1.

Table 1. The Channel Index Used for the
Chattahoochee River Trout Fishery
Channel  Suit-

Index ability Description

1.0 0.10 all sand, no cover

1.5 0.15 gravel, no cover

2.5 0.25 sand, some cover

3.0 0.30 sand, extensive cover

4.0 0.40 gravel, extensive cover

5.0 0.50 cobble (75-254 mm), some cover
6.0 0.60 boulder (> 254 mm), some cover
7.0 0.70 bedrock, some cover

8.0 0.80 cobble, extensive cover

9.0 0.90 bedrock, extensive cover

10.0 1.00 boulder, extensive cover
11.0 0.50 upland vegetation

Time series analyses of habitat and flow, ordi-
narily part of an instream flow study, were not
performed in this analysis because: a) natural
reproduction was not a source of trout recruit-
ment; b) comparisons between peaking flows
(existing conditions) and steady flows (project
condition) were not possible, and c¢) because
little opportunity was available to modify
releases from Buford Dam on a seasonal basis.

RESULTS

For the sake of brevity, the results of this
study are presented in weighted useable areas
(WUA) for total reach summaries (Figure 4). The
summary figures present the mean weighted useable
area for a length of river 1000 feet long for
each of the three major reaches. This form of
presentation allows for comparison of reaches of
unequal length., Total habitat for each reach can
be calculated as WUA per 1000 feet times a reach
multiplier.

Trout Habitat

The general results for trout of all life-
stages for the major reaches were remarkably
similar (Figure 4), In all cases, habitat for
each species peaked at a discharge under
2,000 cfs and then declined to a minimum at the
highest simulated discharge of 12,000 cfs.

The four species life-stages investigated in
this report could be placed into two groups. The
WUA-discharge relationships for adult rainbow
trout and adult brown trout were generally simi-
lar. The WUA-discharge curve of both peaked at
approximately 1,500 cfs and then declined to a
minimum at 12,000 cfs. For the second group,
brook trout and juvenile brown trout, the WUA-
discharge relationships peaked at or under
1,000 ¢fs and declined to a minimum at
12,000 cfs. In general, the amount of habitat
available for adult brook trout was less than
that available for either adult brown trout or
adult rainbow trout.

Nestler

45




WUA PEH 1000 F T OF STREAM a 1000

/

20

— ]
A B ' C|
!
‘ ‘
LEGEND 4
® BROOK TROUT (SHOAL) - ADULY|
& BROWN TROUT - ADULT
@ RAINBOW TROUT . ADULT |
o | ® BROWN TROUT - JUVENILE |
\ i T
f \ |
N\ | |
| A ‘
0 $ %

|

E

i
~—

o
~
-
@
«
3

0 2 4

& 8 0 12 a 2 4 8 8 10 12

DISCHARGE « 1000

Figure 4. Relationship between WUA (presented as the average weighted useable area for 1000 feet of

stream channel) and discharge for trout life stages for - A

Morgan Falls to Peachtree Creek B) site of

proposed rereg dam to headwaters of Bull Sluice Lake C) Buford Dam to the site of the proposed rereg

dam.

The habitat value of the different major
reaches differed significantly. The largest area
of habitat for all trout species and life-stages
was found below Morgan Falls Dam, primarily
because of the steep stream gradient, increased
river width, and numerous shoals that occur in
this reach. Rocks, boulders, and fractured bed-
rock in the shoal areas provide abundant cover
for tiout. Two additional areas of prime habi-
tat, shoals at river mile 328.6 and 319.5, occur
within the major reach between the site of the
proposed reregulation dam and the headwaters of
Bull Sluice Lake.

Adult Brook Trout Habitat

Habitat for adult brock trout in the three
major reaches peaked at a discharge near or under
1000 cfs (Figure 4). For the rereg pool reach
and below Morgan Falls Dam, habitat dropped sub-
stantially below the optimal discharge. Habitat
availability as a function of discharge dropped
more graduaily in the reach of river between the
site of the proposed rereg dam and the headwaters
of Bull Sluice Lake. Although the habitat for
adult brook trout for each major reach peaked at
low discharges, there were several noticeable
exceptions, Habitat in shoal areas usually
peaked at discharges near 1500 cfs.

Adult Rainbow Trout Habitat

Habitat for adult rainbow trout in the three
major reaches peaked at a discharge between
1,500 and 2,000 cfs and declined to a minimum at
12,000 cfs (Figure 4). The habitat available in
all of the subreaches also follows the same
trend. There did not appear to be major differ-
ences in the habitat-discharge relationship for
this species between shoal and non-choal areas.
The habitat value of the major reach below Morgan
Falls Dam was greater than that of the two
upstream reaches, primarily because of increased

cover and width of the extensive shoals found in
this reach.

Adult Brown Trout Habitat

Habitat for adult brown trout followed the
same general pattern observed for adult rainbow
trout, except that it peaked at a slightly lower
discharge, wusually around 1000 cfs (Figure 4).
Again, the habitat-discharge relationship
declined from the peak at 1000 cfs to a minimum
at 12,000 cfs. The habitat value of the major
reach below Morgan Falls Dam was greater than
that ot the two upstream reaches, primarily
because of the increased cover associated with
the extensive shcals found in this reach. There
did not appear to be a major difference in the
habitat-discharge relationship among the sub-
reaches that comprised the major reaches,
although the shoal areas tended to have a more
flattened peak.

Juvenile Brown Trout Habitat

The habitat-discharge relationship observed
for Jjuvenile brown trout was similar to that
observed for brook trout. In general, habitat
for each major reach peaked at or near a dis-
charge of 500 cfs. The habitat value (Figure 4)
of the major reach below Morgan Falls Dam was
greater than that of the other reaches, again,
primarily because of increased cover provided by
the shoals and increased width of river. Habitat
in the shoal areas either peaked at a discharge
above 500 cfs but below 1500 cfs or the rate of
decline in habitat with increasing discharge was
less pronounced than in the total reach
summaries.

DISCUSSION
The potential effects of flow alterations in

the Chattahoochee River can be broadly classified
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as fish habitat modifications resulting from
changes in depths and velocities; water quality
changes caused by construction of the proposed
rereg dam (operation of a rereg dam wil! slow the
travel time of water through the system thereby
resuiting in more warming of the water and
increased water temperatures over current condi-
tions); changes in cover in the channel; and
changes in  the channel itself (i.e. bank
sloughing).

Under current operating conditions, trout
habitat at any point within the entire study
length of the Chattahoochee River varies between
optimum and near-optimum at the iower flows (550
to 1050 cfs, depending wupon location n the
river) to a minimum at the higher discharges
(near 10,000 cfs depending upon discharge from
Buford Dam and local 1nflows). Additionally,
habitat can vary from a maximum to a minimum
several times in a 24 nour period. Thus, fish
habitat may be optimal for much of the day and
minimal for several hours. Under the proposed
revised operating schedule, the minimum in habitat
that occurs on a daily basis will be eliminated
and the overall flow regime will more nearly
approximate the optimum flow reauired by the four
trout life-stages. The benefit to the fishery
obtained by this change could not be assessed at
the time this study was completed because relative
Jifferences in habitat vaiue between a steady flow
and a fluctuating flow could not be defensibly
guantified;, although, from a qualitative stand-
point considerable information exists suggesting
that darly fluctuating flows are more detrimental
to fishes than steady flows. In addition, <teady
flows 1n the river will be more conducive to
increased primary (algae ard aguatic macrophytes)
and secondary (aguatic macroinvertebrates) produc-
tion than the fluctuating flows. Neither aguatic
vegetation nor aguatic macroinvertebrates will be
subjected to alternate scour and stranding by
fluctuating water levels under the revised opera-
tion toc meet water supply needs, From a fish hab-
1tat standpoint. the revised flow in the river
obtaired by eliminating tne peak flows associated
with demand for power will be beneficial for the
reacres downstream of <the site of the proposed
rereg dam, assuming that detrimental water quality
conditions o not occur

The f1sh rgbitat benefits derived from flow
alterations vary somewrat by .1festage. The habi-
tat availaple for juvenile brown trout and adult
hrook trout 15 regligible at discharges above
4,000 ¢fs.  Thus the elimination of the daily
peaking flows would be of considerable benefit to
the habitat availlable tc these two species. This
15 particular'y true 1f the success cf these two
l1festages 1s l:mited by the lack of habitat at
the high daily drscharges. This may, 'n fact, be
the ~ase based on discussions with representatives
¢ +ne Georgira 7Game and Fish Division., Brook
trout are rot stocked ir appreciable numbers since
thys species has not provided the returrn rate
“harvest) of rainbcw and brown trcut. Juvenile
Jrown trout are stocked in the Chattahoochee River
below Morgan Falls Cam., Based on the PHABSIM
Iraty3is preserted in this report, habitat at a
nmigher ‘low ((000-1500 ¢fs) s available at the
shoal dreas, &n upward shift in the current mini-
mum low ‘iow t0 @ more constant release may cause
an overail moderate decliine 1n rabitat avairlable
at the lower disiharges since both of these life-
;t39es have nptimum nabitat at a discharge lower
trar 1000 ¢fs 1n all of the major reaches. How-
aver, since the optimum 15 somewhat higher 1n some
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of the subreaches, particularly in the widest
shoal areas, some areas of good habitat will be
available at discharges above the current minimum
flow.

Firm conclusions concerning the effect of
flow modification cannot be reached for sections
downstream of Morgan Falls, since it is operated
independently by Georgia Power Company. If
Morgan Falls Dam is operated as a run-of-the-
river project, in which discharges equal inflows,
then the trout fishery downstream from Morgan
Falls Dam will be enhanced in much the same man-
rer as the reach between Bull Sluice Lake and the
site of the proposed rereg dam. However, if
Morgan Falls Dam is operated in pond-and-generate
or in peaking mode, the effects of flow modifica-
tions could be considerably different,

If no rereg dam is constructed and flows
necessary to meet water requirements are obtained
by modifying Buford Dam, then the effects on the
trout fishery will be similar to the effects
downstream from the site of the proposed rereg
dam. However, if a rereg dam is constructed,
firm conclusions cannot be made for the reach
between Buford Dam and the site of the proposed
rereg dam since neither the size, storage-
capacity/elevation relationship, nor operation of
the rereg dam is currently known.

The general effects of operating a rereg dam
on this reach will be determined by how low the
water level drops within the pool of the rereg
dam. If the pool of the rereg dam falls enough
to dewater the shoals in this reach and minimum
flows from Buford 0am are stopped, then much of
the prime trout habitat in this major reach may
be Tost. The effects further downstream but
within the pool of the rereg dam cannot be esti-
mated since the details of operation are unknown.

Water quality, particularly temperature, is
a major concern downstream of Morgan Falls Dam
and, in fact, in the summer may be of greater
concern than the depths and velocities available
for trout habitat, since lethal temperatures can
occur at very low flows. Water quality modifica-
tions in the Chattahcochee River caused by opera-
ticn of a rereg dam were addressed in a separate
study (Zimmerman and Dortch 1986).
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HEC-5Q: A HANDY TOOL
OR MONKEY WRENCH?

Richard E. Punnett, PhD

Hydraulic Engineer, Corps of Engineers, Huntington District, WV

ABSTRACT

A HEC-5Q model was developed and tested for the Kanawha
River, West Virginia The model included three upstream reservoirs.
The system was regulated for dissolved oxygen at a point near the
mouth of the river Historically. the regulation method was based
upon a temperature flow relationship The HEC-5Q model was tested
during the 1986 summer season as a real-time. vperational guide
Data inputs included real-time flow conditions treceived via
satelliter and the future flow conditions (from HEC-1 forecasting). A
comparison of the augmentation requirements as predicted by the
two methods was made

AUTHOR’S NOTE

The written paper was not available at the time of publication
Theretore, the following svnopsis was provided in heu of the full
report However. a detailed report on the model development,
calibration, and verification was given 1n Special Projects Report
Nu 86-5 by the Hydrologic Engineering Center. Davis, California

SYNOPSIS

The Kanawha River system has a watershed of 12,300 square
mules. the Corps of Engineers, Huntington District, regulates three
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lakes and three navigation pools within the system for muit-
purposes tincluding  low-flow augmentation for  dilutions.
Temperature, dissolved oxygen, and flow were the three most
important regulation parameters for determuning the flow
augmentation requirements of the river. The HE(-5Q model was
tested as a real-ime tool for predicting the flow augmentation
requirements. The inputs for the model included 1nitial conditions
and predictions of natural flows (which were avatlable from HEC-1
model outputs) and weather conditions Because of the bulk of
required initial conditions, the uncertainties associated with the
forecasted inputs, and the complexity of the system, there was an
initial concern that the model usage would be too cumbersome and
naccurate — hence, a "monkey wrench.” However, most of the
required inputs were already avatlable 1in compatible data files and
the forecasted values were sufficiently accurate

Five-day forecasts were generated by the HEC-5Q model For
the 1986 summer period. the model accurately predicted the
regulation parameters. Additionally, the model provided a lot of
insight into the effects ot travel time, weather patterns, changes in
flowrates. and changes in oxygen demands The preliminary
evaluation (based on une seasuni was that the HEC-5Q model was a
“handy tool "
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LAKE GREESON AND LITTLE MISSOURI
RIVER MODELING STUDIES

D. R. Jobnson, Supervisory Environmental Engineer, USAE, Vicksburg District, Vicksubrg, Mise.

ABSTRACT

Lake Greeson, Arksnsas, was modeled with the
numerical model CE-QUAL-R1. The modeling study
evaluated the merit of attaching steel plates to
~he trash racks iIn order to create a skimmer
welr. The plan wvas considered as part of the
Arkansas Lakes Interim Study as a means to
increase the ‘*emperature and dissolved oxygen in
~he releases from Narrows Dam. The numerical
model, CE-QUAL-RIV]1 was then used to evaluate the
effects of warmer releases upon the water quality
of the Little Missour! River. The results of the
modeling studies were favorable, indicating likely
success of the plating proposal to lmprove water
quality in the Little Missour{ River.

INTRODUCTION

ince 1971, the Vicksburg District has
received considerable communication from the
Department of the Interlor, U.S. Fish and Wildlife
Service {(USFWS), the Federal Power Commission (now
Federal Energy Regulatory Commission [FERC]), the
Arkansas Game and Fish Commission (AGPC), and
other agencies concerning the effect of cold
hypolimnetic releases upon downstream water
quality and fisheries in the Ouachita River Basin
in Arkansas. The releases are from “hree District
hydroelectric dams: (i) Narrows Dam on the
Little Missouri River; (2) Blakely Mountain Dam on
~he Ouachita River; and (3) DeGray Dam on the
Caddo River. In 1977, Congress authorized the
Arkansas Lakes Interim S+tudy ({ALIS)--a S-year
btasin-wide comprehensive study. The study vas %o
identify what problems existed and to recommend
soluticns or mitigations to these problems.

Vicksburg District {nitlated a u-year in situ
wvater quality monitoring study which utilized 18
recording monitors located upstream and downstream
of each reservoir. Analysis of the in situ data
confirmed that lcv ‘emperature and low dissolved
oxygen levels vere found downstream of the
reservolirs. The months of September and October
showed the greates® ‘temperature and dissolved
oxygen deficits. These problems wvere most severe
dowvnstream of Narrovs Dam on the Little Missouri
River, where the temperature was a3 much as .6 C
less than above <he reservcir and dissolved oxygen
levels stayed belcw the Arkansas state criteria of
5 mg/l for 3 months of %he year.

In addition %o <*he in si*u monitoring, a
fisheries s*udy was ~onducted. The s*tudy
~onrluded that fisheries downs'ream of all *hree
regervoirs had less species diversity +han
upstiream and that both numbers and percent of game
fish were reduced from above the reservoirs. As
wvith <*he water quality monitoring, the problem was
most severe downstream of Narrows Dam.
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As part of the ALIS, a varlety of techniques
were considered to alleviate -he cold-low DC
discharges from Narrows Dam. Among the techniques

considered were: (1) selective withdrawval; (2%
submerged weirs; (3) destratification; and, (b}
aeration. The proposal with the greatest meri®

was *o plate the lower portion of the trash racks
to elevation 520 NGVD. The plating would fcrm a
skimmer welr, withdrawing lake water from a zcne
30 feet above <+he existing wi*hdrawal zone. The
WES selective withdrawal model, SELECT, was used
to determine if the elevated withdrawal zone would
be sufficient <*o {ncrease the “emperature "o “he
target temperatures provided by <he USFWS.
Although the SELECT study showed the USFWS targe-’
temperatures could not be me*, it was determined
that the temperatures wculd be close enough 1o
varrant a more detailed modeling s<tudy.

Reservoir Modeling Study

The Water Quality Section de’ermiped that a
one-dimensional, vertically segmen'ed, reservoir
model would be appropriate for <he study.
CE~QUAL-R1 and the thermal sub-model CE-THERM-R1
vere selected. A cne~dimensiona.i model was chosen
because conditions in the ocutflcw vere of major
interest and these are best approximated from
conditions near the dam.

Four years were used for <he thermal
calibration and verification of Therm. Those
years were 1974, 1975, 1976, and 1983. These
vears included 2 "average" years (1974, 1975% and
1 hot, dry vear (1976) and a wet year (1983). The
three earlier years had been modeled previously
with ECOTHERM, and the data decks were modified to
<he format needed for THERM. The last year, 1983,
was *he best year {n that the most data were
available for verification. In 1983, weekly
temperature profiles had been <aken !mmediately
up-lake of the dam and {n situ monitors vere

located on *he inflow and outflow. THERM was
calibrated using the 1976 data and verified with
the other years. Figure 1 1{s a plot of the

predicred temperature versus depth and the
measured ‘emperature versus depth fcr 1983, In
general, THERM predicted temperatures well for all
years; howvever, & large storm on 2 July 1983,
created a bulge in the mecalilmmion during °he
1983 simulazions. The satorm {nundated <he
mcnitoring station and nc  ‘emperature data vere
available for a period of 7 days. During °hat
period, the model had some difficulty placing *he
water {n *he appropriate layvers. The 1{fficulvy
is likely due to f{ncorrect water ‘emperature
estimates fcr the missing period.

Statistical analysis of the predi{~ted versus
observed temperatures was done with ~he
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Figure 1
Temperature

Simulated versus Observed
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Table 1
Results of CE-Therm-Lake Greeson
Year 1974 1975 1976 1983 Average
Elevation
Withdrawal 493 F+ 520 Ft 493 Fr 520 Ft 493 Fr 520 Fr 493 Ft 520 Fr 493 Fx 520 Ft
NGVD NGVD NGVD NGVD NGVD NGVD NGVD NGVD NGVD NGVD
USFWS
Target
Teamps C C C C C C C C C C
Jan 15 7.2 7.2 9.5 9.5 6.9 6.9
Feb 1 8.0 8.7 8.3 8.9 6.3 6.4 7.5 8.0
Mar 1 12 8.3 8.2 8.0 8.0 9.5 10.7 8.6 9.0
Apr 1 18 12.0 13.4 10.6 10.9 12.5 15.0 11.7 13.7
May 1 22 15.3 19.5 12.2 18.4 13.1 17.9 13.5 18.6
Jun 1 26 16.4 23.7 12.7 23.6 14.0 21.5 13.7 18.0 14.2 21.7
15 28 18.6 24.5 19.1 24.6 14.0 32.1 15.2 19.2
Jul 1 30 24.1 26.0 19.2 27.9 15.5 24.8 15.8 22.8 20.2 25.3
Aug 1 25.9 30.5 15.8 30.0 21.3 29.3 21.8 26.7 21.1 29.1
Sep 1 26.3 29.2 20.4 28.6 23.7 28.5 23.4 30.2 23.4 29.1
Oct 1 21.6 21.8 21.4 21.8 23.5 24.1 24,1 25.9 22.7 23.4
Nowv 1 18.9 18.6 19.1 17.6 4.9 13.5 22.2 20.7 18.9 17.6
Dec 1 12.6 12.2 11.5 10.6 8.7 8.3 13.7 12.4 1.63 10.9
reliability index (Leggett and Willlams, 1981). A for *he normal versus elevated withdawal zones.
perfect match weuld give a reliablility index ‘RI The ‘empera‘*ure values lis%ted ‘ndicated that even
of 1.0. The RI's for +he four years simulation with plating, *he USFWS targe* “emperatures would
were 1974 ~ 1.13; 1975 - 1.12; 1976 - 1.12; 1983 - nct. te  met. Hewever, after plating, “he
1.13. The inflow *emperatures fcor 1983 were from temperature weculd be met after a l-month delay.
average daily values. Cnly ocrasional measured It ‘g also tmpor+ant “c note <+hat release
values were avallable for cther years; therefore, Temperatures frem November *hrough Mareh are
inflcw “emperatures were estimated btased cn air rela*ively unchanged. Thus, li{*+le impact cn ‘he
vemperature and cbserved wa'er emperature. winter put and take trout fishery !s an*icipated.
Af‘er she ~alibration of *the model was "he seccnd parameter cof interest i{n the
completed, *he withdrawal port elevation was modeling study was disrclved cxygen. Although
increased 10 meters for *he four model years. in-lake profiles fcr ‘emperature and d!saclved
Table 1 1lis*s ‘the release "emperature predicted oxygen (DQ) are available for 10 years, sufficient
Ny e
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Figure 2
Dissolved Oxygen
Simulated versus Observed
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Dissolved Oxygen
Plated Simulation vs Observed
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chemistry data were only available for 1983,

Weekly DO profiles were available for that entire
vear, while monthly profiles were available for
many other parameters. CE-QUAL-Rl was calibrated
and verified on DeGray Lake, a Corps reservoir 40
miles east of Lake Greeson. As the reservoirs are
similar, the coefficients for the DeGray
simulations were used for the Lake Greeson study.
Thus the 1983 model runs on Lake Greeson should be
considered verification runs instead of
calibration runs.

Modeling the DO in Lake Greeson was more
camplex than modeling the temperature, because
more factors were involved. Using the available
data plus making estimates for such factors as
sediment oxygen demand and percent liable organic
carbon fram +the DeGray study, reascnable
predictions of DO levels were made. The RI for DO
for 1983 was 1.79. Plots of the simulated versus
*he observed DO are on Figure 2. The plots
indicate that Lake Greeson has a  severe
metalimmetic oxygen minimum, The metalimmetic
zone of oxvgen depletion coincided with *he
elevation of the hydropower penstocks and was *“he
reason for the low DO levels in the releases from
the reservoir.

Raising the elevation of the withdrawal zone
not only increased the release temperatures, but
also improved the DO levels within the reservoir
and downstream of the reservoir. The plors of ¢
versus depth in the reservoir with an elevated
withdrawal zone are shown on Figure 3. When the
plots in Fiqures 2 and 3 are oompared, it 1s
apparent +hat the zone of metaliumetic oxvgen
depletion has been reduced with the elevated
withdrawal zone. In addition, the overall rate of
hypolimnetic cxygen depletion was reduced with
rlated withdrawals.

The reservelir modeling study showved *hat *pe

Fropesal  “o piate ~“he “rash rakes o elevaticn 520
NGVD  weuld effectively lmprove ZJcwnstream wa‘er
3ualivy. The impacts %o crne lake wcuid %e a

lepper nypelimnicn, but ope with mere IC. A Fwe
s udy of flsn in DeGray lake under simlilar
cenditicns frund  nc negatlive impacts o flshertes
as & resulc of !nereased withdrawal elevaticns,

Flverine Mcdeling Oculdy

Afrer romplevtion of +he Lake Greeson Modeling
S~udv, a riverine modeling sruly of *he Li=tle

su

(RS

M

1o

Missouri River IMR) was initiated. A l2-mule
reach of the !MR 1mmediately downstream of lake
Greeson was studied. The objectives of the study
were to evaluate the temperature and dissclved
oxygen conditrions downstream of lake Greeson under
a variety of release conditions and to consider
the use of ocontrol structures to augment low
flows. Because Narrows Dam 1s a peaking
hydropower facility, a dynamuc riverine model was
necessary to siumlate hyvdraulic conditions in *he
IMR. CE-QUAL-~RIV!], a one—dimensional,
longitudinally segmen+ted model, was selected.

Two weeks 1n 1983 were selected for input in
the modeling study. The first, 'n lae July, was
characterized by long periods of hydropower
generation with low temperatures, and moderately
low DO. The second week selected was 1in early
September ard was characterized by shorr
generation periods, warmer *empera“ures and very
low DO. The second week represented a worst-rase
situation with regard to DO levels.

CE-QUAL-RIVI 1s ocamposed of “wo separate
codes—hydraulic  and water quality. Although
CE~QUAL-RIV-1 1s a dvnamic model, *he hdyraulic
code  was not able to handle “he peaking hyvdropower
flows well. The :instantaneous jump 1n flow fram
15 cfs *o 2000 cfs was ‘*oc ruch for the code.
Mcst runs were made using 100 cfs as the low flow
and stepping +he discharge up +o ~he peak flow
over ten, S mrute rime periods, The effers (f
this adjustment on the downstream hydrograph was
small.

The tiological ode randled ‘en
constituents: ramperature, ~arbonaceous
biochemuical oxygen demand, corganic nirogen,

armoniacal ni*rogen, nitra*e nivrogen, phosphace,
dissolved cxygen, 1ron, mancanese and coliform
bacteria. As with <~he reservcir modelina,
ramperarure and dissclved oxygen were of primary
1nterest. Compar:sons ¢f *he simila*ed versus -he
observed ctemperature ar node 13, river muile 38.6,
are plot"ed in Fiaure 4. 1In *he July sumlat:cr,
rhe model predicted a qreater response ‘o *he
warer during per:cds of ne generation, but Jduring
generation, predictead a smaller irncrease :n
*amperature  than was observed. In *he Sepremter
sumulaticn  (Fiqure 4! <he model again pred:icted a
grea*er response ‘c *he wearher dur:ng periods of
no genera*ticn  +han was observed; however, model
resporise during gereraticn was good,
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The calibration of CE-QUAL-RIVI for dissolved apparent anomsly was likely the result of higher
cxygen wvas not as straight forvard as for saturation values in the colder waters of the
temperature. RIV-I had two stream reaeration existing condition releases.
equations which could be selected. The first was
a generalized equation suggested by Rathbun and CONCLUSIONS
Benpett. The second was the equatlion developed by

Ts{voglou-Wallace. Both equations were tried. Corps of Engineers-developed numerical water
Rathbun-Bennett provided too little reaeration quality models CE-QUAL-RI and CE-QUAL-RI were
during generation and too much during found to give good results and were reasonably
not-generation (Figure 5). Tsivoglou's formula easy to use. The major difficulty in using both
provided too much reaeration all the time, but models was obtaining all the necessary data to
vhen the constant was reduced from .0537 to .016, accurately run the models. Both studies were
tre reaeration was acceptable (Figure 6). conducted usinz existinz data. which vere at times
Figure 3
Scvnnett-Rathbun Reaeration
21 versus Observed Data RM 2d.n
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Once the model wms calibrated, riverine cutdated or {ncomplete. These are constraints
conditicns Le"ween ncrmal and plated releases were *hat most Distrirts must occasionally handle. The
~ompared. Releagse water quality with plated favorable results of the studies indica*e no major

releages was derived from the CE-QUAL-RI cutput ‘mpacts to the reservolr as a result of plating
from the apprcpriate week of the 1983 model run. ~he *rash raciks and that the water quality in the
Tomparison cf +he “empera‘ure and dissolved oxygen Little Missour! River would be measurably

cf +he *wc ~onditions are plotted on Flgures 7 and {mproved.

R. RIV-I predq{cted *he *emperatures would range ACKNOWLEDGEMENTS

from 20° T o 3170 As with <he calibration

simulati?ns.‘ dally wa‘'er ‘emperature varla%lons The Water Qualltv Modeling Group, Wa*erways
were iikely  exaggeraced. Observed water Experiment Sraricn, provided assis‘ance {n model
*emperatures displayed a maximum of 5° C daily selection and technical sublects in suppore of
range and averaged a 3°C daily range. Dissolved these modeling studies. Drt J. Wolsinski{ and D.
Lxygen levels from plated releases  were Hamlin provided assistance vith CE-QUAL-Rl and M.
subs-antially {ncreased during generation but were Dortch and Dr. J. Martin provided assi{stance with
scmewvhat less during non-generation. This CE~QUAL~RIV1. )
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ABSTRACT
4,
Ay Tme US Army Engineer Distrist, Seattle (NPS),
:‘. i3 presently evialuating proposed addizional water
‘,;n storage at Howard A. Hanson Reservoir in
“.,‘.b Wwashington S<ite. This proposed project will
3! involve raising the existing pool approximately
! t2m (40 fu). This investigation examined the
impacts of raising <he conservation pool on the
reservoir thermal profil=z3 and release tempera-
n ~ures for several study years. The mathematical
oy ) :
'g; model wused in this study examined impacts of
'(Q raising <he pool Wwith and without structural
"‘Y., modification %o the existing outlet works.
B Optimization procedures were wused wWith the
,‘: mathematical model to provide optimum number and
1 elevations for the addi-ional ports. Results
iniicate significant improvement in release
‘ - el 4 could be achieved with 3 multileve
.’;; ou:jizzas::iiture. ultilevel HOWARD A. HANSON DAM
A
K N
INTRODUCTION
?, . Figure 1. Location of Howard A. Hanson Reservoir
* Purpose and Scope of 3tudy
)
* ) Thais outlet has 3 capacity of about 14.2 m3/sec
. The Howard A. Hanson project was authorized 1500 3580} as maximam ~onservation  pool
by Congress on 17 May 1950 to provide stindard el 388 m {1,141 NGVD)). The existing outlen
-y flood protection and minimum flow requirements for tower is shown in Flgure 2.
fishery ennancement {n the Jreen River, The US
Army Engineer District, Seantle {NPS), is i
If‘ presently evaluiating a proposed additional water 0 \\ 2 ! ‘
9\.' storage modifiration to wne project involving the L e 4/‘/' e . |
9 rajsing of +“he maximum conservation pool by 12 m S \ y |
¥, 140 ft).  This study was conducted O investigate to |
A the thermal <haracteristics of the existing \\ ;
reservoir and reieases 1and %0 assess changes {n : ~ |
.- vhese o~haracte~{s%tics resul-ing from <~he proposed !
;;A: storage reallocation,
'
B
M Project Descrip-ion
1
Gf‘ Howard A. Hanson Dam s lncated 105 «m
v (65 milea) wupstream from <“he mouth of the Green
A River and 56 «m (35 miles: east of <he city of
Tacoma {n Aestern Washington, as shown in ) j wromaa
S Figure . The project rains 872 KT T e e -
o R
%/ (221 square miles) of protected witershed in the - - - —
'ti Zascide Moun%aing, Tne earsn- and rocxk-fill dam
i reatnes a aeigat of 7' m 7235 In, above che Tigure 2. Howard A. Hanson outlet wor<s
l' 3treambed. Tne vainter gate r~ontrolled spiliway
iﬁ: {3 incated tn =ne ~ight abitment Of %ne dam #{in 13 The reservoir operatinn r.le ~urve i3
' Taximam  discnarge  ~apacity  ~f 3,030 m7/see lesigned =n prevent flonding downstream in “he
A 137,000 fu7’ses’ 3% maximum project  pool “inter monung and %o augment low flows 1wring tne
- el 37t m 71,220 NGVD...  Normal releases are s.mmer ani fall for fishery enhancement. The
& passed tnraugh 2 £.3-m "19-rn. norseshce-shaped reservair {3 Tmaintiined 3% 1 teptn of arsun 3 om
‘.! 3.4lneway r~ontrolled by regulaning %iainter gia%es 33 £t 1.ring <he nanconservation period of tne
:,‘? incated 3% ~ne tontom 2f tne pnol. The sluil~eway j2ar fram ' Jertoper Shrough 3t Mar~h except durin
‘Q: reieases 35"“': 534 @ "3“—'"{22'0“‘0 fr’/sec) av LiNuSullly wet  randitions, The average year.y
‘Q. Taﬂfﬂuﬂl projec. pool. LO“"A‘:OV -"°—~“93:‘“3“5 are mfde ~ainfall {n the drainage basin is 2.3 m .33 in.®
% “hrough 3 1.22-m (43-in.. Sypass lintawe located with 75 percent af the prenipitation acrurring
.ot / . . . .
o about 12 @ 740 ft) adove the Sovtom of “he pool. juring nhis nonconservation seassn. Runoff
+
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~'G, hydrographs aire characterized by frequent short- wster supply demands would involve ralsing <he
£ duration, sharply peaxed even.s during ane winter maximum conservation pool 12.2 m (<0 % and
n%. months foilowed Dy ‘.onge:" dQuration, smal.er peaked impounding 2almost three times =%he ex:sting ron-
E nydrographs issociated with snowmeln. servation storage. Over 2,92 «m® (500 icres' of
“ ) ) ) land would 3ddivionally be inundated regular.y by
o ... Desinning 1 April tne reservoir begins this proposed change.  Specific concerns 3bout
A).l}mg to 3 maximum oonserva:io_n pe_mod depth‘of raising the pool center on the impacts to tne
. 30.5 m (1141 NGVD), as shown in Figure 3, with reservolr thermal stratificatfon. With a deeper
gt;‘ water of as low i turdbidivy as possible. maximum conservation pool, 3 stronger strati-
Juyl fication 1is possidle.  This stratification may
|;|* alter release temperatures 3signifirantl and
'l’. R ey ul%imately impact the steelhead salmon naditat
."I‘». P downstream in the Green River. If tnis appears
t’. likely, a3 selective withdrawal strustuire maay bde

needed o provide adequate control of release
temperatures 2along «ith an operiational plan to
minimize depletion of desired thermal resources (n
the reservoir and control release temperature
fluctuations. In-reservoir {mpacts may also be
significant since upstream fisheries are being
Jeveloped.,

Approach

The approach taken {n the {nvestigation of
proposed storage modifications to Howard A. Hanson

<»‘~‘:' Reservoir involved the application of a mithe-
g matical thermal reservolr model entitled WESTEX
AN ) o . (Holland 1932}, The model was adjusted to
K Figure 3. Existing and proposed rule curve nistorical data from 1982 and verified zhrough
O . . ) ) Jata collected during 1979 and 1983, The impace"
oy Inhouigg water impounded vby quard‘ A. Hanson of changing the storage allocation f{n the
- feservoir 1s of good qualiiy with low concen- reservoir subject to the existing outlet tower wWas
. ;:::iz':fy O‘feve!‘;ss?:veiie m*i:fr-jal:e"sandarenu:r::ez:;i; lnvescigated t;); eomlparisor: ot‘e p:edicte:‘ r:iezse
' Lare R B N ~als ! cemperatures release temperature objectives.
:4:' parameter xnown to exceed water quality standards. RelZase temperature objec:?ves provi‘ziing an
"3“ o ' . 4 9.8 3 optimal environment for <the varied downstream
_:l':. L 6‘09 _‘;ff;e"m r’ L mpoun :1 o “:"‘ fisheries were specified by NPS to equal 14.4° ¢
‘."v 25,650 acre-f* Pat d gonserva on( pool w a (58° F) tnroughout the year, Addition of
b :ur‘fac‘ewarea of _f0.19l Tll_l;f: m io-cljptha:r”)i selective withdrawal ecapability to the existing
o I:" ng the summer=f3a ow-ilow period, poo outlet was simulated to predict impacts on in-
generally drawn down from alnimum release reservoir thermal profiles and release
. : 3 ; 3 characteristics may be affected by changes to the
g 3.2 m°/sec 113 ft /sec) for water supply for the operating schedule, the influence on temperature
N 2i=y of Tacoma., The city of Tacoma operates 3 was of primary concern in this study.
, ~oncrete water supply diversajon dam approxima-ely
T 5.6 «m (3.5 miles) downstream of the project. No MATHEMATICAL METHODOLOGY
' athner wreatment except chlorination {3 required of
f tnis water supply. However, during high-flow The downstream release and in-lake
events, water i‘n “he Jreen Ri‘ver‘ is too turbid for temperature characteristics for Howard A. Hanson
-3age by tne city witnout gilution. The lmpound- Reservolr were modeled using 3 one-dimensionai
. ment 131l1so becomes thermally stratiflied [n the late thermal simulation model. The model WESTEX used
I spring and early summer once a4 pool i3 in this {nvestigation was developed at the US Army
€. a3t - + v on results of Clay and Fryh ('970), Edinger and
i unlon’omur naturally i{n the Green River. During Geyer (1965), Dake and Harleman (1966), and Bohan
i 3 por%-ion of the year, this is beneflcial for most and Grace (1973). The WESTEX model -~an be used
of the downstream [lsherles. for examining the balance of thermal energy
. ilmposed on a reservolr, This one-Jimensional
Tne Green River is one of vlasmngton State’s model {includes rcomputational methods for pre-
" pr\mar!‘ producers of salmon and steeme‘ad. The dieting dynamic ochanges in thermal ~ontent of a
‘J completion of Howard A. Ha??on pam in '961 pre- body of water %through simulation of heat “ransfer
3, rlided tne migratlon of fish ipstream of tne at the air-water interface, heat advection due t.
b ?;"f;e";-.hb“:xl 3‘1"’“3”1931': pass’g:e”;’is Ws:“"e {nflows and outfiows, and internal dispersion of
Ko ;ommrgmer;te o Sb‘otnng SS:“:“;"G Fedéral :e:o:::s ~hermal energy. . The reservoir 1is ﬂonoep:u?lxzea
‘i?:tl agencies to preserve and enhance the anadromous ::a,,ng:;t::::fﬁ;‘ly? si‘:‘leesngg :?::g::e:,;s U‘,::;:
- Tishery resources [n tne Green River Basin. The energy in eacn layer is determined through solving
water resources demands in wes%ern wWashington, for conservation of mass ind energy it earn tite
|‘."o however, are changing. The ~ity of Tacoma has {ncrement subje~t %o an equation of s%ate regard-
A requested additional storage in Howard A. Hanson {ng densiny. The boundary -~ondi-{ons i% the water
!,‘t. A n;. Green River i.’lowa torin A?ne N pl a t> conduct hese siamulations, The compu%ational
Wt Jgme e uring the summer an proredure for the withdrawal zone 13illows pre-
', ot late fall to enhan-~e the flshery in the lower diction of release -emperature. Mathematiral
';fi: Green and Duwamish Rivers. These additional i
-
'~:g Sennefder, et al.
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optimization roJtines nive been added to this
nodel  enabling tne systematic eviluation of
optimal outien ~onfigurations sudject o specifiea
release water Quiality objectives, A more detiiled
discussion of the WESTIX mode: may bde found 1n
Hollang (1982},

Thermal Model Inputs

The WESTEX model required input data con-
cerning the physical, meteoroclogical, and
nyirologie characteristics of Howard A. Hanson
Reservoir. Hydrologic input inecluded daily values
of reservoir {nflow and outflow volume and inflow
temperature, The meteorologicral data {(air temper-
ature, cloud cover, relative numidity, and wind
velocity' were Jised %o compute surface heat
excnange it the aiair-water interface. Phys{cal
characteris~nics {nrluded the 3tage-storage
relationsnip of the reservoir and the rating
cJrves for whe outlet strudture.

Study Years

The years studied in this {nvestigation were
determined {n consultation <ith NPS and were based
on the inflow during the conservation period.
Historical events of varying return periods were
modeled to study reservolr thermal properties
under 3 wide range of hydrometeorological condi-
tions. The rcalendar year 1979 was chosen as
representative of 3 low-flow year, 1972 as a high
flow year, and '982 as an average-flow year. The
years 1983 and 1985 were added a3 additional study
years because of available fleld data. Simula-
*ions were run January through Decembder, although
the primary period of concern was during the
conservative period after spring filling.

Meteorological and Hydrological Data

Meteorologi~al data required by the model are
daily average values for wet and dry bulb temper-
atures, wind speed, and cloud cover. These data
were available from the US Air Force Environmental
Techni{~3. Applications Center at Scott Alr Force
3ase (USAF-ETAC), Illinois, for the Tacoma,
dashington, Airport weather station, which is the
nearest meteorologic~al station to the Howard A.
Hanson Dam. Meteorologiral data received from the
SSAF-ETAC were averaged on 3 Jdaily Dbasis.
Zquiliorium temperatures, surfice heat exchange
~oeffin~ienns, 1and daily average solar radiazion
quantiviea for the years of study were computed
48ing the HEATEX program (Heat Excnange Program
722-F5-81010),

Hydrologl~ Jata provided by NPS consisted of
daily dlscharge from the project and pool level
flurrtuatnions, The average dJaily {nflow was
~omp.ted from these dita, The exiating operating
3~hedules for %ne project as well as the proposed
rule ~urve were 1lso pravided.

Temperature Jata

Historis~ (nflow
River were ivai.id.e for ~he years '9°0,
1985, a3t Humphrreys, Wasningeon,
t.emperit res for “he years of sudy were n%
availatle, a3 muiviple regressinn re~hn:;.e was
48ed Lo deve.np a2 3%a%i3ni~al model far inficow
Lempersture. Thne lependent  varladie, water
remperature, +ia3 expressed as a fun~%ion Hf air
vemperature and (nflow rate,

emperitires on the Jreen
373, and
Sinre R

oW

Daily reiease “emperature di%~i from %“he dam
<ere monji-ored 3% ~he city of Ticoma's water
supply 1ntax<e tocavaed approximnately 5.0 «km
{3.5 mii23" downstream from the project, These
13%3 proved to ve in .nreliable meas.re of release
temperitures from the project -hrnugh 3 comparison
with railrace temperatures collected {n the summer
of 1985, Therefore, with the exception of 1985,
release ‘temperature data were not Jsed in
measuring the performance of the numericil model.

rny3iral Characteristics

The properties of the existing outlet at
Howard A. Hanson Reservoir were required data for
simuiation of historical events, The port eleva-
“ilons, dimenslons, and ra%!ng curves wJere ot“ained
from project records. Operating conditions for
glven nistoric events were also required during
model 1adjustment and verification. A third order
polynomial was fitted %o the rating curve of the
existing water quality port to caleculate the
capacity of a port at a given submergence, This
calculation was required because of the signifi-
~ant pool fluctuations which occur throughout the
year,

The area-capacity curve for Howard A. Hanson
Resarvoir 33 furnished by NPS indicated the lake
storage curve {3 typical of mountainous terrain,
Only 7 percent of the storage at maximum conserva-
tion pool occurred 3t or below the elevation of
the low-flow outlet, indlcating little storage in
the lower levels of the reservoir.

MODEL ADJUSTMENT

The WESTEX model requires determination of
coefflcients characterizing certain reservoir
processes, The hydrodynamic processes represent-
ing entrainment of inflows and {internal mixing
resulting from circulation within the reservoir
are approximated through the application of mixing
coefficients, Other coefficients {nfluence the
distribution of thermal energy absorbed into the
pool. These model roefficients were modified
un~il modeled conditions approached field observa-
vions for the year 1982, Temperature profiles
were predicted for days {n  which observed
pro* >type dati were available,

The 1982 3imulation  was initi1aved on
v Jancary witn an {ni~{al uniform %“emperature of
4e T 039.2° By, londitions during the non-
conservation perjod of the year were nearly

{snthermal «ith an average deptn O5f »only 3.,' m
130 fr'. Storm events during %his period resul-ed
in signiflr~ant fl.r%uatlon 1n “ne pool level as

tndirited in Figire 4, Storage was j.icxiy
reileised ifter “nese even.s -0 provide addi~ional
fin0d ~onwrni pereflis, Jeneraily, spring fiiling
5egin an the ~ecejing 3ide of the anowme it nydro-
g7aph Lo minimize %tona. lixe “urb.d.vy. Jdnce *he
prol  was  estadi;shed, tnermal  8tratilication
jevelnped ~apiiiy 313 :ndli"~ateg by “he neary
verti~1il temperiture ~antours 1uring Jene and July
shown in Figure <, Tne maximagm st-atification
veeurred dLriag tne eartly summer wrhen ~ong inf~ws
were §vill avi, . Al e, A3 e ammer yrogressed,

surfae temie~3t Lres c~atged Ly o JU® T nde ¢
Reie39e w3t er LAmperat res weme 3 gn.ficantly
TaaLen tnan allent  ye temperitunes 10 “Me 3pring
and edriy a.mmer, Rele3ige witer ‘emperatures
inceeasey inearly from h° T W, 8° F. 3t tne
seginning Af Aprii o e T 5T 2e FY by v he end

D une, Tamperatures exceeding '«° C (57.2° F}

were reisi3ed "arc,ghout most »f the summer and

Sennelder, et al.
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‘o OWED RSN LAT 12 - WRIFION (DN resulns were generally within 1° ( (33,8° F)
K) SEASONL. TTNPOTAE CRNTOURS “hrougnout the 3imulition perjoc, The modeled
"ll' i, — — —— resulns were sligntly warmer <nan “he observed
v resilts on Jay 175 (24 June) because of the
,’ e synthesized {nflow -emperatures., The mixed layer
depth w3s modeled 3 little deeper on day 277
. .- (4 October). This could be a resylt of using wind
i . speeds from the Tacoma airport that were not
'*: indi~ative of those at the project.
' .
N : The temperature releases from the project are
t, highly variable during the nonconservation portfion
.8 i of the yeir and reflect the rapidly changing
" weit=er ~oni{<!ons, Spring filling initiates the
staviliza%ion of release temperatures with a1 near-
] linear jincreiase {n project release <-emperatures.
- Only large hydrologic events significantly
' influence release temperature during this period.
Ny The releases are dominated primarily by the
f.’ neteoroclogical warming of the reservoir. Since
r the releises come from the hypolimnion, tailwater
¢ temperatures are consistently cooler than the
i naturally occurring stream temperatures during the
Figure 4. Moleled vemperature and 3pring and eirly summer, Later in tne summer,
K “3ter=s.rfice Fl.evuation for 1982 release temperature exceeds oObjective temperature
4+ releases for a duration of several months.
¥ ®#317ly Tal.. At “rne oseginning of September, lake
"+ Swert . rn negan Wit tne remaining swratification Model Verification
'y Jultaly 31331D4a%1"8. The low-flow outlet was
N Spematael Lntilotne ponl {3 irawn down near the end The mathematical wodel was verified through
o N8 Novemzer, comparison of predicted 13and observed <thermal
conditions for the years 1383 and 1979 using model
Tne  [refictel  versus meisured ‘temperature coefficients determined during the 3adjustmen:
peatiles S omme 3iiystment of tne model for 1682 phase, The degree of agreement between observed
A 7w 3mwn o Ln Fligure S, Mozeled and observed and simulated thermal properties was similar to
the results for 13982. =Zarly in the year, prior to
) P p—— stratification, measured and simulated temperature
A AT KRS AOLINT TDEOWNST AT 1L profiles deviated as amuch as 8° C (46.4° F)
.. - berause the reservoir processes were advectively
F e o Jominated and inflow temperatures were synthe-
we o sized. By day 175, which is well into the pooled
f conservation period, %he predicted and observed
'~ - temperature profiles deviated by no more than 1° C
¥ '-). 133.8° F). This degree of agreement between
) i modeled 3nd observed temperature characteris-insg
W : o . remained throughout the stratified period and into
: H Lot tne fall overturn. Berause observed release
o - T e T ! temperature data were unreliabdble, verification
' ) O ..'" ~n41d not be made to predisted releises,
- . o
A ' EIULTS
. - . |
W 1 : J C | Proposed Zunrage Realinration
1 bt » “ - =
o o ¢ - .
The proposed operatinnal ~hanges enadbling
!‘ O S ICIVO(E (W - TR add1tional storage 1% Howard A, Hianson Reservoir
:a ACTTN S AT DEORNEL M LD ~ere (nc~orporated into <he release s3c~hedule for
- “he study gyears subject %0 the existing ou-let
~onfiguration, The proposed rule o~urve s3pecifies
N Spring storige o begin the firsy of Mar~h and <o
f fe31~h 3 maxitum conservation ponl of abnut 12,20 m
’.' t4d fn) aigher <han existing ~oniitions. The
‘%r Tinimum  ~w-flow release  from  Lne pro;e“§ (s
‘:. prﬁ;wseg Pl 31MOSY o.ible o 1.7 17 sen
,0' (w12 fnCigen: 212 focisec FOor Tatoma witer supply

200 fu? sen foar low-finw  augmentation for

4 ! erias enhinremant’', The prnposed rule Aurve
(3 shown in Tigure 3.

Tne effer~vs of ~a13ing n L0 Are  mase

signifin~ant luring tne spring ant eanly summer,

) Tre  l3y-tun-diy  melsase  temperit . r Tlént.atinng

ire no% a8 previalent uniler the propased ennditisns
teriuze Nf tne 1nsulatnion properties A the deeper
gonl. Releige temper3tyres Juring most o she
spring  are  several jagrees ~anler Lnan e
axl3ning ~ondi%{>n3 int nen~e sevaril degrees

: 3~hne{der, e al.
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further removed from <the objective temperature.
The maximum release temperiatlure during the summer
{3 also lower %“han existing condi-ions. In the
fall, the effects of raising <the pool will
slightly warm (less than 1'° C (1.8° F)) releases
from Howard A, Hanson Reservoir because of the
larger heat content in the raised pool.

The comparison of raised pool predictions
with observed thermal profiles indicates that the
raised pool condition begins to retain more
thermal energv due to the increased surface area,
The surface and bottom temperatures are not
radica.ly altered by the storage modification, but
the volume of the hypolimnion and epilimnion is
greatly changed. The existing outlet maintains
hypolimnetic releases, thereby preventing the
conservation of cooler water resources. The
breakup of stratification in the fall {s also
different from the existing conditions in that the
deeper pool retains more thermal energy and hence
has 3 warmer profile. Iszothermal ~ondizions are
also reached at 3 later date with the raised pool.

The comparison of objective release tempera-
tures with predicted releiase temperature for the
raised pool scenario indicated most late winter
and early spring releases were below the objective
by 4p to 5.0° C (9.0° F). The maximum release
remperature will be reduced up to 1° C (1.8° F)
during the summer, but the duration of tempera-
tures exceeding the objective will be extended
into the fall by several wJeeks.

Impacts of Selective Withdrawal

The existing project releases allow for
establishment of a certain quality environment
downstream from the dam. If the raised pool is
put into effect, changes would be expected in the
downstream environment as 1¢ seeks a new equilidb-
rium  in  response to the wmodilfied release
t.emperatures. The Green River downstream of
Howard A. Hanson Dam supports a rich anadromous
fishery resource, If the anticipated response of
the downstream environment to modified release
remperatures i3 unacceptable to resource managers,
then several alternatives are available to
minimize these impacts. One 13l%ernative {s the
incorporation of 3 multilevel selective withdrawal
system to allow release of water to meet specified
objectives. The cnief advantage of a3 mul-ilevel
selective withdrawal system {3 flexidbility (n
meeting release water quality objectives over a
wide range of operating conditions.

The need for a3 multilevel outlet to compen-
sate for pool raising on Cowanesque Lake was
investigated by Holland (1982). Although his
study involved reallocation of flood storage,
additional {ntakes were needed to meet existing
release temperatures, Similar conclusions were
reached by Dorten 11981) {n nis investigation of
Kinzua Dam in Pennsylvania and by Peters {1978} in
his report of modifications to Flaming Gorge Dam
in Utah. In the {nvestigation of release water
quality from Sutton Dam (George, Dortch, and Tate
1980), a3 riser was designed to (mprove water
quality releases.

The addition of a port or ports higher in the
pool at Howard A. Hanson Reservoir should 3llow
releases to better meet release temperature
objectives downstream. The existing outlet works
could be modified to allow releases from the
epilimnfon and still allow the existing slulceway
releases to operate independently. I% was assumed

OO
S "a'_

that the flow control for low flow outlets would
remain the same, The caparity of tnis system is
“hen defined by the rating curve of the 1.22-m
(48-in.) bypass., Hypolimnetic releases could also
be maintained through the existing sluiceway by
throtzling the control gates or through the aadi-
tion of an independent low-level outlet. This
design allows independent operation of two levels
of release and does not consider the potential of
single system blending.

Optimization of Outlet Structure Design

To arrive at an efficient outlet structure
design for the raised pool, the number and
locarion of additional 1intakes needed to meet
release temperature objectives must oe determined.
The design of the outlet struycture is greatly
simplified through the coupling of mathematical
water quality models like WESTEX to mathematical
optimization techniques. This combination enables
the consideration of numerous hydrologic,
hydraulin, meteorological, biologi~al, chemical,
and operation conditions in the formulation of
tower design. Prior to the implementation of such
optimization techniques, selective withdrawal
intake configurations were based on judgment and
experience of the design engineer, Optimized
outlet configurations may involve fewer ports, as
compared to <tradi<ionally accepted designs, to
meet a given downstream temperature objective,
thereby reducing both operational complexity and
the costs associated with design, construction,
and maintenance. Additionally, the use of optimi-
zation techniques should further enhance tower
design by allowing systematic evaluation of the
flexibility needed in the design for multiple or
anticipated quality objectives.

The purpose of the mathematical optimization
procedure is to systematically screen numerous
outlet tower designs in terms of performance i{n
meeting a specified release water quality
criterion. The goal of releasing water with a
temperature of 14,4° C (57.9° F) was expressed
earlier, This objective wi3s modified siightly to
represent the cyclical nature of avajilable thermal
resources, The objective temperature was defined
as the naturally occurring Green River s&tream
temperatuyre as defined by a sine function up to a
maximum temperature of 14, 4° 7~ (57.9° F),
Employing a cyclieal objective temperature avoids
temporal biasing of optimizasion resulss
characteristic of constant release temperature
objectives.

A 3atisfactory measure of system performance
must also be specified if optimum outlet con-
figurations are to be determined. The objective
function {s a3 mathematical reflection of how well
one possible decision (i.e., number and location
of outlets) meets 2 given set of objectives. The
objective funeotion chosen in this study was the
3um of squares of deviations between predicted
release and target temperatures during the
conservation period. Minimizatlion of the
objective function yields the optimal location of
additional ports for release temperature control.
This form of objective function was chosen since
its minimization tends to produce outliet configu-
rations whi~h reduce the magnitude of objective
deviations experlenced. The formula chosen to
represent. the objective function s project
dependent and may include mathematical represen-
tations of such factors as state and Federal water
quality regulations, temporal welgnting of
deviations, or numerous water quality constituents

Schnei{der, et al.
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{Dorteh and Holland '984),  Since the addition of Design simulations for the dry year :19793;
another intake %0 the 3ystem #ill generally result yielded an optimal port elevation slightly lower
{n reducing the obdjective function value, <he ~han <tne other years modeled, The coective
inoremental bYenefits of project releases must bve func~ion values for tnis year were signifi~an-ly
weighted against the additional rosts of <this nigher because of rthe larger heal ~ontent .1 wne
port, Often, however, the incorporation of addi- reservoir and the depletion of colder witer

tional aelective withdrawal ports (s dictated by AOWR0 HISIR E(SOIYIOR N2 MROPORED OUTLEY VITW AMSEN PORL

the need to meet legislated quality standards TAON. TDPORTE CTRS

rather than the desire to improve on existing good S N U

quality releases.

Resulns of Single Port Addizion

Stream temperatures are generilly warmer than
reservoir releases in the spring ind cooler in the
fall. For releases from Howard A. Hanson
Reservoir to maten more closely the naturally
occurring stream temperatures, an outlet located
in the epilimnion {s required. This outlet will
enable warmer releases earlier {n the 3pring,
rnereby saving <cooler water for release later {(n
the fall. However, there are several drawbacks
associated wizh a single outlet located in the
spper epilimnetic region of the reservoir. Pool
level flucnuatinns dictated by the proposed rule
curve may render an upper level port {nactive over
a large portion of the year. The subsequent Ll L
~ransizion from Jpper %0 lower release may result Figure 6. Modeled temperature and water-surface
in sianificans day-to-day fluctuations in fluctua-ions for proposed outlet and rule curve
remperat.u e releases.

reserves earlier {n the s.mmer which resulted in
During %he conservation period in the late large deviitions of release from obje~tive
apring and early summer months, there i3 a rapld ~emperatyres in %he fall. Loca%ning the upper
warming of tne surface waters at Howard A. Hanson level port lower {n the pool raused the hypolim-
Reservoir resul-ing f{rom the longer retention time netic waters %0 remain cooler, thereby reducing
associated wiwh reservoir (inflows as well as deviation {n the 1late summer when lower level
grz2a%er solar energy. To achieve warmer 3pring releises 1ire required. The objective function
releases, 2an outlet located {n the epilimnion i3 values are relatively {nsensi-ive to port location
required. Results from -he ou-let design 9simula- wizhin a wide band of elevations.
~{ons for tne normal and wet years indicate that
tnis port snould de located 3% an elevation about Two Additional Ports
36.6 m (120 fi) asove the reservoir uottom. This
elevation corresponded to the minimum Objective The {ncorporation of two addi-ional levels of
function value computed by the optimizer for the ports to the outiet tower has the poten~nial for
nost of intake elevasions conaidered, The region extending selective wicndrawal ~apabilities for
»ouniing *the optimal port locatisn  exhibited ionger periods in the fali. The upper .evel port
almost no c~hange in <he oabjex%ive fune-ion values could be used o withdraw s.rface witer in the
or thermal release cnarasteristics. The signifi- spring and early summer, ind an intermediate level
cant r~eduction of <he obiective funection value for port ~ould be empiloyed wnen surface water is above
each year r~ompared rto %hat ~nompuited based on the raleagse %emperature objectives and during the fiall
existing system indicates <-he inadequicy of the when the upper port (s out of the pool.
present utlet configuratinn {n meeting release
target temperatures sJdiect Lo the proposed ~ule Design simulations with “wo 3addi{%ional ports
curve., {ndicated ports lorated 21t elevations 30.53 m
{100 ) and 39.6 m [:30 ft) above the bottom,
As midsummer approaches, releiases 3tirictly respen~tively, resulted in the optimal releise
from <he upper level are “warmer -han the target temperature characteristics. The i{mprovement (n
release temperatures, Lower-level releases are the objective function value with the existing
required art  <his point to witndraw water ports, one additional por%t, and &two addi%ional
jelectively at +<he objentive temperature as shown ports s shown in Flgure 7. A significant
in Tigure 5, Tnis *ype of oapera=ing condi%idn is improvemen. {n meering objecs%i{ve release tempera-
mrontinued throughnu® She summer with {ncreasing rures resulted from adding one addizlonal port,
rates »° hypolimnenlc releases o meet ~elease but very little {mprovement resuived from *“wo
“emperat.-e ~ri-eria, Daily gate ~hanges %heo~ additional ports. The second port Jdoes nov
rati~ally would result in meeting “he aily significantly (mprove releases beriuse very lit-le
rele3ase emperatyre abjes~tive tnroughout this stratification exists when 4“he pool ZIrops oSelow
parind, Lowen Level ~eleises In %urn deplete the upper por%t, thus minimizing any Denefit
~oidePr 4ater reserves, 3y tne ~ime Lne upper port associated witn retaining sele~tive wi=hiriawil
i3 =~ longe~ suibmerged in mii-August, the hypo- rapadiiities.
limninan nas3 reacned a maximuam temperature of ado0.t
Qe T UEILARR S, A% mnls point, tne bottom (eve) ZONZLUSIONS AND RETCOMMENDATIONS
releise bSennmes Sne snie a.niet witn tne flexiuil-
iny Of 3ele~tlive witnlrawal eliminiated for %n Modifying the onperating pouin it Howard A,
remii~der 30 wre year, Temperatire ~eleises will Hanson Reservoir Dby {nitiating spring storage
jeviate from nuL;e~vive ~elease "emperiatures 1.ring eariler ani1 inereasing %“he maximum conservation
“nis pering, proil will impacmt the project releases ind in-
reservolr thermal characteristirs. The [nr~reased
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OBJECTIVE FUNCYION VALUE VERSUS ADDITIONAL OUTLETS
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Figure 7. DJbjective function value versus
number of ports

volume and surface area of the reservoir result (n
1 significant {ncrease in total heat content of
the reservoir. The deeper conservation pool
provides for larger temperature gradients %o
develep from top to bottom, resulting in stronger
stratifiecation and increased water column
stability. Release temperatures from the raised
pool through the existing outlet works will be
cooler during the spring and summer months but
sligntly warmer during the late summer and fall.
Tre maximum release temperature would be reduced
if the proposed storage reallocation (s imple-
mented. The existing outlet configuration has
little flexibility in altering the release water
quality characteristics from the project. During
low-flow years, late summer and fall release
wemperatures may significantly sexceed downstream
nemperature objectives. The addition of selective
withdrawal capability through epilimnetic releases
provides a means of effectively managing the
~nerma. resources (n the reservoir. The locatisn
of an additional port {n the epilimnion allows
warmer suJrfiace water L0 be released earlier {n the
spring wnile conserving cooler water resources.
This rooler water can ve plended with surface
witer i1iter in the summer to meet Jownstream
releise target temperiatures. For cer%ain low-flow
years, Howard A. Hanson Reservoir 4ill De resource
limi-ed. For tnese events (= is e¢ritical <o
manage the aviajilable thermal resources to minimize
“he damage to the downstream environment. Dynamic
op-imizazion procedures when used In conjunction
with the numerl{~al reservoir model c¢an also
provide operational guldance for mitigating the
damage caused by release temperatures deviating
from project objec.ives,.
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ABSTRACT spillways, a sluiceway, and a canal diversion
KA headworks (figure 1). The spillway has an ogee
't‘g‘( Instruments to monitor and transmit total crest controlled by radial gates. The sluiceway
:!:g dissolved gas, dissolved oxygen, water temper- consists of three bays and is controlled by
a‘,l’ ature, pH, conductivity, and oxidation-reduction three 3.1 by 2.4 m (10 by 8 ft) slide gates
“‘if' potential (ORP) data have been installed at (Young, 1982). Supersaturation conditions result
\:'i two sites below Yellowtaii Afterbay dam on when entrained air in water released from the
BN the Bighorn River, Montana. Data collected sluiceway gates plunges to depths in the stilling
with these instruments are being used as part basin pool. Usually supersaturated dissolved
o, of a long-term study of the effects of nitrogen gases contained in water can be dissipated in
et supersaturation on fish and aquatic a short period of time through natural turbulence
o 'j macroinvertebrates. Water quality measuring in the river; however, the river stretch bel_ow
f‘!«. Instruments are interfaced with a satellite Yellowtail Afterbay Dam is tranquil, which
@ transmittal system so that data gathered are interferes with this dissipation process and
-‘;f" transmitted and readily available for review the flow remains supersaturated for several
;’:l' and analysis using a receiving station computer. kilometers downstream.
bl ;‘I Power supply and instrument circuit
. modifications have been made to ensure the To meet the objectives of the nitrogen
. .5 compatability Aof the systems components. supersaturation study, ambient water condition
l“ These electronic modifications were the result data including flow, hydrology, and water quality
SN of field experimentation and recommendations needed to be monitored in order to correlate
“E‘. by instrument manufacturers. The correlation this information with gas supersaturation and
3N of continually monitored dissolved gases and the subsequent effects on the fish and
2 AN other water quality parameters with dam invertebrates. Gas tensionometers that measure
5;2 3 operations will contribute information to total gas pressure, water temperature, and
Fh be used in considering modifications in dissolved oxygen pressure plus multiparameter
operations which would enhance conditions water quality instruments that measure
v g for aguatic fauna downstream of the dam. dissolved oxygen concentrations, pH, water
’:?:g temperature, conductivity, and (ORP were selected
" (] NTRODUCTION to monitor in situ water quality at each river
4y site.
:. ': The Bureau of Reclamation and the Fish
W and Wildlife Service entered into an interagency Satellite telemetry was 1dentified as the
?.'Q i agreement to study nitrogen supersaturation best method to monitor and record the data from
Bl problems affecting trout below VYellowtail the water quality instruments. Data transmitted
) Afterbay Dam on the Bighorn River in south at regular intervals in real time to a computer
¥ central  Montana. The high concentrations data base eliminated the delays and costs
t:\p' of nitrogen gas in the river cause gas bubble associated with strip chart and internal
e disease n the rainbow and brown trout. Gas instrument memory data recording and storage.
"G" bubble disease (GBD) in fish is a pathological The satellite-telemetered data s stored directly
-'(:2 nrocess due to excess gas (usually nitrogen) to a computer with no delays caused by retrieval
.D,”Q‘ taken in through the gills and forcing its of a strip chart or nstrument memory, and
0‘,"‘. way out through the tissues when reaching monitoring of events and analysis can be performed
L equilibrium with atmospheric pressure. The in the office. This paper presents 1nformation
nearest corresponding process in humans 1S and recommendations on satellite ‘telemetry of
X~ known as decompression sickness or the bends. water quality data ‘from nstruments .used as
YR part of the gas sdpersaturation study conducted
QU Releases from the afterbay dam have been by var:ous Federal agencies on the Bighorn River,
14N documented since 1973 as the source of the Montana.
'\af' supersaturation in the Bighorn River (Bureau
N-).' of Reclamation, 1973). The afterbay cam is CJATA TRANSMISSION SYSTEM
P approximately 3.5 km (2.2 miles) downstream
/D) of tre 160 m (525 ft) high Yellowtail Jam The satellite cata lolleltiun system used
X and Powerplant. The afterbay dam is a ~oncrete ar otk ostudy; was o one Cr Lse by tre Bureau
p“. diversion structure 415 m (1360 ft) in length of Reslamat-on *tor trarsmossior ¢ tream stageand
'.|'. and 22 m (75 ft} 1n height and funotions to reserynir 2levatians witnin *he Migsourt Basin
o provide wuniform daily flow 1n the Bighorn Reqion Tre Brgrare Hiyer  voyer L tage site
"“ River by buffering the peaking power generation and ‘wo water .31y Si‘es were gdded to ‘the
:“.:. flows from the Yellowtail Powerplant, The sxtsting system far tras st.cy. Jne water quality
0'.‘0 afterbay dam includes structures such as s1te 15 Jocated C.2 km below the afterbay along
f‘:t,l ,
[} i}
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Figure 2. - Diagram of Satellite Data Transmission System
'S.‘ ments varied between instruments and the earth station in Boise, Idaho, about 20
by between parameters. Initially calibration seconds later (Figure 2). The earth station
. was performed weekly far most parameters. computer stores the data which can be accessed
T, Currently up to 3 weeks is sufficient between over a phone line from a field terminal. Once
’ o calibrations for many parameters. As discussed the DCP has been programmed with parameter codes
oA later in the report, the ability to monitor and scales and tested to operate :n the required
the nparameters in real-time helps establish time slot, no further programming 1s normally
a realistic calibration and maintenance schedule. necessary.

The OCP was 1nitially programmed in the Modifications of water qual:t, ‘nstrument
field by a portable computer to collect water electronics and power supplies were necessary
quality data every 30 minutes after a 2.5 minute following difficulties 'n interfacing *c the
minute warmup time. This data is stored in DCP. Solutions to the problems included dragnosis
the OUCP for 4 hours before being transmitted with a voltmeter, monitoring of satellite signal
to the GOES. All DCP stored data is sent in information, and consultation with electronic
about a 20-second transmission and returned to technicians,
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Initial difficulties with the system setup
were experienced in the power supply interface
with the multiparameter probe. All instruments
at each site were initially powered by one
110 ampere hour 12 V battery with photovoltaic
panel recharge. Through the dissolved gas
pressure and multiparameter water quality
transmitters, a ground loop was created that
fed back voltage and damaged components in
one of the control units. This problem was
corrected by isolating the multiparameter probe
with a separate 33-ampere hour battery and
photovoltaic panel.

Problems with the interface of the
multiparameter water quality probe and the
DCP were caused by the output signal matching
of the two systems. The DCP could accept
digital, analog, and switch closing inputs.
There was also programmable scaling on the
analog inputs. The multiparameter water gquality
units analog output scale were different on
each parameter measured, none of which was
based on the DCP default scale of O to 5 volts.
The DCP had errors in handling these scales
along with the fluctuating voltages from some
parameters. To correct these problems, the
water quality monitoring eguipment manufacture
was asked to change the electronics to produce
a filtered output with a linear, analog scale
correspending to the output readout.

Excessive power consumption (above
specified), low light intensity, and cold
aiminished the battery and recharge Ssystem
over the winter. These problems were solved,
following load tests on the battery, by the
addition of a larger capacity battery.

Impedence differences between the DCP
and the multiparameter probe caused a small
voltage offset during collection which s
corrected with the earth station computer
programming. This voltage offset from the
field has been diagnosed from each parameter
and then programmed to be added to the incoming
data by the receiving computer. This problem
is still being worked on with the intent being
no voltage offset and consequent computer
correction.

A1l of the previously discussed problems
were discovered in the field and most were
primarily caused by non standard (non DCP
manufacturer product) instruments being installed
to the DCP. The manufacturers of all the
electrunic equipment were helpful and informative
in solving these interfacing problems. The
most efficient way to solve these problems
would have been for the manufacturers
representatives to get together at the sites
or to be able to connect and bench test this
equipment before field installation.

MONITORING AND PRELIMINARY RESULTS

A1l data transmrtted is  stored at  tre
central recetving site and s available for
analysie at any time, Jata :zan he nbtarney
from the frolg seconds after 3 transmigsoon
With each  transmission, 3 System sta‘tus 1
sent that includes  battery voltage, s'qra’
strengths, and  transmission  errnrs Trrg
tnformation s melpful 1 2ragnostng frely
equipment or satell:te problems.
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The data can be retrieved from the computer
in two basic formats, short term and long term.
The short term format provides every parameter
value at every collection. These data can
be retrieved by site, by day in any time frame.
Short term format is kept on hard disc resident
memory for 6 months and then archived to tape.
The long term format provides a daily average
read out of each parameter. This information
can be retrieved in 15-day increments. Long
term data is stored on resident memory for
immediate access at any time.

An initial value of the satellite
transmission and recording of data has been
to monitor instrument performance over time
and detect malfunctions and calibration drifts.
Data from this has indicated that the
multiparameter probe should be serviced about
every 10 days to clear algae and accumulated
aquatic macrophytes from the probes. The gas
tensionometer needed a less intensive maintenance
schedule; however, on few occasions was observed
measuring hydrostatic pressure rather than
dissolved gas pressure after several weeks
when moisture accumulated behind the gas
permeable membrane (silastic tubing). Continuous
monitoring and comparison of the two different
type dissolved oxygen probes tentatively indicate
that the three electrode, oxygen
producing-reducing probe 1is more accurate for
long-term monitoring in that it requires less
maintenance and fewer and smaller calibration
adjustments as opposed to the two electrode
polarographic dissolved oxygen sensor on the
multiparameter probe. The value of knowing
immediate instrument malfunctions 1s  obvious
in the course of gathering rel:aple, accurate
data for extended periods of time.

In preliminary analysis of several
parameters and dam operations some trends are
shown in dissolved gas pressure n the river.
As found 1n  previous nvestigations, and
confirmed with the continuous montoring
instrumentation, the regulation ¢f the slutceway
gates on the afterbay dam pos:tivel;, correlates
with total gas measurements taxen ‘mmedlate! v
below the afterbay at the 2 &7 stte A
negative correlation of ‘total  gas pressure
was observed with the Jperat:on cf the rad-a!l
gates (White et al., 1986} Corsequent’
a mixed flow or release ‘gns st ng ¢ a oor®
of the water passing *"rough ‘he slyu’ Pway
and a portion passIng  3070ss  the 507 'way
produces ‘ess supersaturat'on  than  *he same
total volume through tne SlLt eway
Unfortunately, this aperatan . “ie
supersaturation constratrs fTuotuatt C tre
afterbay and therefure J"“""d‘ oeas e
generation by Yel'owta® Tam e rge,
tests, where flaws thra,gr *op 3fcurny, T g,
were reduced and ‘rer v oremerty’, o n cog et
2as mentroned, ‘here w15 3 vy celgtcoe e
of 1ncreas ng tata’ Ian wttRt wn 4n Tt
3 levelr rg [ LI RIS S S A
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with the spring runoff starting in mid-June.
The conductivity 1in the river increased to
the highest level in early May. The pH has
remained relatively constant. Dissolved oxygen
has remained constant at the upstream site
below the afterbay and varied at the 4.5 km
site in daily fluctuations due to photosynthetic
production. The dissolved oxygen makes up
a greater portion of the total gas in moving
downstream. At The 4.5 km site, the oxygen
saturation exceeded 138 percent during sunny
afternoons whereas at the site 0.2 km below
the afterbay oxygen did not exceed 114 percent
saturation.

CONCLUSIONS

The technology of satellite telemetery
is a valuable tool in monitoring water quality
among other parameters. The collection of
data in real time and direct computer storage
along with time and monetary savings in not
having to retrieve field tape or instrument
memory has proven to be useful in data aquisition
for this study. The set up of a satellite
data collection system requires some preliminary
igentification of necessary electronic equipment
with specifications of accuracy, service and
compatability with the satellite system. The
electronic equipment manufacturers should be
informed of exact application of their equipment
sa changes can be made before field trials.

Continuous monitoring of water quality
is vital to this study as collection of field
data during diel periods as well as annual
cycles is necessary to accurately determine
effects of changes in the environment. In
addition, because of power dispatch office
and schedule changes with several generator
units in the VYellowtail Dam being off line
for portions of the year, afte-bay levels and
discharge may not have been typical thus far.
In monitoring and being able to identify
non-typical years, much more information on
a long term basis 15 necessary.

Previous studies have been performed and
models have been used to identify problems in

an attempt to eliminate or reduce the air
entrained and consequent supersaturation by
the afterbay sluiceway. These studies elucidated
other problems arising with installation, costs,
and operation of structures or ineffective
reductions of supersaturation (Denson and Loomis,
1985). This research with monitoring equipment
will provide valuable information to be wused
in further modification or operation of the
dam. In addition, the investigations have
been structured so that the results will have
maximum application to other locations where
gas supersaturation problems exist but the
various habitat parameters cannot be easily
sampled.
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DISSOLVED OXYGEN STUDIES BELOW WALTER F. GEORGE NAM

Diane 1. Findley, PhO! and Kenneth Nay?

lecologist, US Army Corps of Engineers, Mobile District
2park Manager, US Army Corps of Engineers, Mobile District

ABSTRACT

A special study of conditions within and
downstream from Walter F. George lLake (AL-GA) was
conducted from 13-19 Auqust 1986, in response to
nunerous fish kill incidents that have occurred in
the tailrace. The study focused on the suspected
cause of the problem, low dissolved oxygen, and on
an evaluation of possible corrective measures,
such as spillway qate releases and generation
startuyp procedures. Results indicated that
extremely low dissolved oxygen watar apparently
Teaked into the tailrace and moved up through the
water colunn and subsequently downstream. A com-
pres<:d turbine startup sequence proved to be the
most beneficial startup method. Releases through
the spillway gates during nongeneration periods
offered the most feasible results in preventing or
alleviating downstream depressed dissolved oxygen
conditions.

INTRODIC TION
Project Location and Description

The Walter F, George (WFG) Lake is formed
along the “hattahoochee River by the WFG tLock and
narn {L&D) which is located near Ffort Saines,
feorqia, The 1mpounding structure consists of a
concrete dam, a fourteen-gate spiliway, and single
1ift lock. The WF5G Lock is the second highest
1ift east 9f *he Mississippr River. The WF3
Pywerhouse with four qenerating units is located
an the nopasite Hank from the lack. The ltake is
120 km (75 i) from the mouth of the river, has a
surface area of 13 292 ha (45 181 ac), and s
23.3m {33.0 ft) 4eep at the deepest point, Nor-
mal 200l elevation 1s 57.93 m (130.0 ft) National
qeodetic Vertical Natum (NAVN). Authorized pri-
marily for nasigation and hydroelectric power
jeneratinn, associated purposes incl e €lood con-
trol | streanflow requlation to orovide a nine-foot
navijation channel, autdoor recreation, and fish
and wildlifa conservition. The WFG Powerhouse 1s
nperated a5 4 Deaking facility, Characteris-
tically, hydroelectric power is jJenerated 3 to 6
hours farly, Monday *hrough friday.

Approximately 47 river km {29 river i)
downstream of AF7 L&D 15 the George W. Andrews
IGWAY LAN.  Tms strectare ¢ansists o€ a3 concrete
4am with a €ixed spillway and a single 1ift lock.
The GWA L&D 15 3 stagle nurpose navijation project
intended anly 9 provide sufficrent depth for
juthorrzed nasigatinn, The lake created by (WA
L&D has a surface area of 623 ha {1 %40 ac).

History Of The Problem

Construction of both the WFG and the GWA
projects was essentially complete in 1963. Prob-
lems with fish kills in the WG tailrace area dur-
ing periods of stratification soon followed. A
nunber of interim measures have been implemented
to combat the problems. The first of these meas-
ures, Standard Operating Procedures (SOP), was
developed in 1970. Basic provisions of this ini-
tial effort were to provide for water releases
through spillway gates when fish were observed
distressed or dying, to monitor conditions for
indications of causal effects, and to verify that
corrective actions were effective.

[n 1972, an automatic water quality monitor
was installed downstream of WFG Lock and Dam.
This monitor, which is presently located about 457
m (1 500 ft) below the dam on the west bank of the
river, monitors dissolved axygen (D0), pH, temper-
ature, and conductivity.

The same basic provisions of the 1970 SOP
were incorporated into a subsequent SOP revision
which was implemented in 1982, On 30 July 1985, a
major fish kil) occurred affecting approximately
100,000 fish as estimated by State of Georgia
fisheries personnel, It was this incident which
resulted in increased wonitoring of tailrace con-
fitions and culminated 1n this study. Through
this increased monitoring, several trends were
ohserved in the tailrace area. When water levels
dropped following generation, fish were trapped in
a draiynage channel which paralleled the lock wall.
The fish would subsequently die and be swept Aoan-
stream Juring the next generation period. A siAl-
Tar situation occurred in the stilling basin which
parallels the face of the WG spillway. Thisg
shallow area has a short vertical wall along the
downstream edge which serves to trap fish as water
levels drop. Another situation noted was fish
entrainment during the startup of generation. On
several occasions small numbers of dead fish were
observed below the WG Dam shortly after the
inmtiation of generation. Laboratory examination
of specimens revealed that the fish had ruptured
gas bladders and gas bubbles trapped 1n the fins
and gills which indicated a rapid movement from
depths to the surface.

Mservations during the spring revealed that
fish, oprimarily shad, which are anadronous in
nature, tended to enter the lock in large numbers
through the downstream valves. When these fish
remained inside the chamber for extended periods,




the D0 was depleted and the fish died., B8y €ar the
most common situation  which also produces the
highest incidance of mnortality, is the occurrence
of extremely low N throughout the tailrace area.
This situation occurs frequently durin) the spring
and summer, Jenerally in the early morning hours
between 23097 hours and 7790 hours, and over the
weekend. :

As a result of the 1935 fish kill, another
SIP was implemented later that year which con-
tained the hasic provision of releasing water fron
the spillway gates once conditions deteriorated.
There were, however, sone provisions of note in
this procedure. Thae SOP was orepared recoynizing
that although the problem had existed for several
years, little was actually known adout the cause.
'n an attempt to better understand the problem,
the 1935 SOP required significantly increased
monitaring requiraments, Notadle among these was
the direct transnittal of the monitor's DO infor-
mation to 3 4igital disnolay in the JF7 Powerhouse
and the inclusion of measures to provide for
soiliway releases prior to visinle fish distress
or fish kill.

Some 7€ *he provisions for increased rmoni-
toring containet tn the 1935 SOP were revised as
more was learned ahout the situation and to accom-
modat2 the neei t3 reduce the overwhelning burden
it olaced an fiald personnel. The last revision,
jated June 1935, will remain in offect with some
nodifications quntil early 1937. At that time, the
SW will be nodified to reflect recommendations
developed from this study.

METHONS

This concentrated investigation was con-
ducted from 13-19 August 1986, to better describe
the effects of operational oprocedures such as
qeneration startup sequences, spillway releases
and lock discharges on DO and temperature in the
i-mediate tailrace and at locations farther down-
stream, It was anticipated that data from the
study would identify operational regimes which
when conbined with the naturally occurring pro-
cesses would achieve the highest possible 00
levels.

A temperature and N) profile was measured at
midstream and at tne right and left quarter points
of the channel, except as indicated below, at each
of the following stations. The depth intervals
for each profile ranged from 0.2 m (7.5 ft) to
1.0 m (3.0 ft) at al) stations, except Station I.
At Station 1 in WFG Lake, the data were collected
at 1.5 m (5.0 ft) or 3.0m (10.0 ft) intervals
*hrough the 22.3 m (33.0 ft) depth of the lake.
Pool elevation during the study averaged 55.2 ™
(1%4.5 ft) NGVD.

Station 1 - 244 m (3N0 ft) upstream of &5
140 (single ooint vertical profile)

Statinn 1A - 3 m (25 ft) downstream of WF35
LN at powerhouse draft tube exit area (single
point vertical orofile)

Stattan 1R - 122 m (400 ft) downstream of
WEH LAN (single noint yertical profile)

Station 2 - 244 m (300 ft) downstream of WFG
LAD

Station 3 - 457 m (1 500 ft) downstream Of
WF5 L3D at water quality monitor

Station 3A - 579 m (1 900 ft) downstream of
AF5 L&D {single point vertical profile)

Station 4 - 2.4 km (1.5 mi) downstream of
WFG L&D

Station 5 - 26.6 km {16.5 mi) downstream of
NFG L&D

Station 6 - 42.3 km (26.3 mi) downstream of
AFGOLAD

Stations 1, 2, 3, 4, 5, and 6 were sampled until
1490 hours 15 August. dith the understanding
acquired from these initial tests, Stations 4, 5,
and  were relocated closer to the dam {Stations
1A, 18, and 3A) for the renainder of the study.

“Yeasurenents were taken using Yellow Springs
Instrunents (YS!) 70 meters. Air calidration of
the nmeters was verified with the azide-modified
Ainkler titration technique. Temperature readings
were verified with mercury thermometers. In addi-
tion to the YSI meters, a Hydrolab water quality
nonitor was used at selected locations to measure
temperature, DO, pH, conductivity, and oxiiation-
reduction potential. Generally, data at each
station were collected for at least one hour
prior to operational changes, such das generation
startup, and continued until the transient
hydraulic effects of the event had dissipated.
Nata were collected at 20-minute intervals for all
the tests, except the 24-hour test period on
15-16 August when the frequency for collection
varied depending on project Jperations but pro-
vided as a minimum one profile per hour. Station
1 profiles were collected generally once per hour
throughout the study.

DISCUSSION OF RESULTS

Nata from Station 1 were typical for large
stratified bodies of water (Wetzel, 1975). During
the study, surface readings varmed from 6.3 to 3.0
mg/1, middepth readings ranged from 3.0 to 3.9
mg/1 and to below 1.0 mg/1 at 15.2 m (50.0 ft) and
continyed t3 1rop until readings were virtually 0
/1 from 21,3 m (70.0 ft) to 28.3 a (93.2 ft),
the lake bottom. Figure | 1lluystrates the effects
at middepth at Station 1, and surfice changes a:
Stations 2 and 3, when each of the three func-
tional turbines were brought on-line in one-hour
intervals. (Turbine 4 was nonfunctional due to
servicing.) The DO level at middepth of Station
1, a point approximately 6.7 m (22.0 ft) above
the turdine intake area, showed an 3ppreciahle
decrease after the second tiurbine was broujht
on-T1ne. NN levels continged %o fall unt1' =he
units were turned off at 1770 hours. 20 soon
recovered to oregeneration concentrations  at
Statiron 1.

Relnasaes from sprllway gate 17, which or 3.
tnate fron a Jepth of 9.1 m (30,7 €2} 'n the lake,
had 10 effact an the mridepth OO concentration 3¢
Station 1. However, 4s shown 1 fogure | the
surface 79 readings at Statrons 2 3nd 3 drspnlayed
tmmedrate 1acregses that continued even aftar the
qate was clnsed. [t should Se noted that *he
1mtial 1ncreases 1n tarlwater 09 from extremely
Tow concentratians achieved with a4 gate opening of

Fintley, % al.
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Figure 1. Dissolved oxygen concentrations at stations 1, 2, and 3 on 14 August 1986
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Figure 2. Surface dissolved oxygen concentrations at stations 4, 5, and 6 on 14 August 1986
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N.2m (0.5 ft) were much more dramatic than the
increases achieved from a 1.3 m (1.0 ft) gate
opening after the 00 level had reached 3.0 mg/l.

Stations 2 and 3 displayed a sharp drop in
NN levels when the first turbine was brought on-
line followed by a gradual increase as the two
remaining units were Srought on-line. However,
the DO never completely recovered to the pre-
generation concentrations observed after releases
were nade from gate 12.

Fiqure 2 illuystrates the DN concentrations
at Stations 4, 5, and 6 for the same time frame as
depicted on Figure 1. %enerally, variations in N0
concentrations observed at the wupper tailrace
stations were also observable at Station 4, NN
changes noted at Station 4, however, were not as
4ramatic, and were shifted with respect to time
and rate of discharge. Fluctuations in DO read-
ings at Stations 5 and & could not be specifically
1ttributed to operational discharges as they were
at stations in the i=mmediate tailrace area. [t
was noted that N0 at Station 6 was higher than
Jpstrean stations by 3s much as 2.0 mg/1 during
the nid-4ay hours and extremely low readings (<2.0
mg/1) were not observed during the study. This
correlates with Strain (1930).

Approximately two hours after generation
ceased on 14 Auygust, NO and temperature readings
were measdred 1n the draft tube exit area immedi-
ately Selow the powerhouse. These measurements
revealed that 70 ranged from 3.0 mg/) at the sur-
face to 2.0 mg/1 or less from 3 m (10.0 ft) below
the surface to 11 m (36.9 ft), the bottom. Based
on the orevious experience of the technical

Mid-depth
4 Station 1

DISSOLVED OXYGEN {mg/1)
L)

advisor from the Waterways Experiment Station,
Mr. Steven (., Wilhelms, at ™Mark Twain Lake,
Missouri, 1t was hypothesized that the cause of
the low 70 watar in the tailrace was due to leak-
age through the turbines during nongeneration
periods. This poor quality weter would gradually
displace the water from qgeneration in the tailrace
and would move downstream. Therefore, testing and
data collection were oriented toward testing this
hypothesis beginning 15 August at 1700 hours
through the remainder of the study. A& test of an
interim procedure as a means of preventing the
buildup of extremely low DO water was conducted.
This procedure provided spillway releases over-
night from 1500 to 9700 hours and indicated good
effactiveness. At Station 2 following an over-
night release of 0.1 m (0.25 ft) from gate 12, 00
readings were between 3.0 to 4.0 mg/1 at all
depths compared to readings of 1.0 mg/l or less
when the releases were not provided. Lower read-
ings of 1.0 mg/1 or less, however, were measured
directly in front of the turbine discharge bays.

Figure 3 depicts DO changes in the three upper
stations resulting fron spillway releases from
gate 14 which was opened to a height of 0.2 m (0.5
ft) and 0.3 m (1.0 ft). For the purpose of the
study gate 14 had been modified by inserting stop-
Togs on the upstream side of the gate to a depth
of 1.8 m (6.0 ft) from the surface. These stop-
logs created a weir 2ffect and allowed gate 14 to
discharge surface water rather than water from the
depth of the gate opeming, 9.1 m (30.0 ft). The
effects of discharges from gate 14 on DO paral-
leled data collected during discharges from the
unmodified gate 12 (Figure 1).

24 \v/"— Surface Station 3 (Midstream)
A Gate 14 Open 0.2m (6 in)
B Gate 14 Closed
14 J <t Surface Station 2 [Midstream) ¢ Gate ia Opene0.3m {12 1)
D Gate 14 Closed
£ Units 1, 2, and 3 On
FAll Units Off
+ -+ $ + + + -+
0600 0800 1000 1200 1400 1600 1800 2000 2200 2400

TIME

Figure 3. Dissolved oxygen concentrations at stations 1, 2, and 3 on 15 August 1986
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Figure 3 also depicts generation startup
with a1l three functional turbine units started
sejquentially within minutes of one another, This
startup began at approximately 1430 hours and
shows that N0 at the middepth of Station 1 regis-
rered a corresponding rise over the duration of
the generation period. This rise seemingly is due
to an expanded withdrawal zone which encompasses
more highly oxygenated water closer to the lake
surface. Over the same period the surface DO at
Statians 2 and 3 showed an inmediate but short-
Tived sag of about 1.0 mg/1 followed by an 2qually
sdden rise of about 2.0 mg/l. Stations 2 amd 3
also registered a general improvement in D0 over
the 3-hour generation period (%0 approximately 5.0
73/1) followed Sy a drop of about 2.0 mg/l! after
generation ceased. fontinued monitoring at these
stations through 2300 hours on 16 August revealed
a2 progression of low D0 readings (<1.0 mg/1) from
near “he botton at Station 1A, both up through the
water column and downstream. By the end of the
monitoring period this slug of low D7) water had
reached *the surface at Stations 1A and 2, and to
mid4epth at Station 3.

On 17 August the procedures outlined in the
June 1935 SP were tested for effectiveness. In
summary, these provisions require spillway re-
Teases from gate 12, ooened at 0.1 = (9.5 ft), to
relieve fish distress situations or to increase N0
concentrations in the immediate tailrace following
3 3-hour period of Helow 2.0 mg/! readings or a
single reading of 1.5 mg/l at the water quality
monitar., If the initial one-hour release from
gate 12 does not relieve the situation, the SQP
further specifies that gate 10 be opened the same
height and both qates provide releases for one
hour.

Responses %o low DO levels summarized above
were based on initial data recorded by the auto-
matic water quality monitor and verified by titra-
tinn tests performed by K35 personnel. Therefore,
d1scussions of resylts reqarding SOP procedures
are focused on 1ata collected at Station 3. How-
aver, 1t was noted throughout the study that 0N
cancentrations near *“he water quality momtor
intake were hiqhly variadble compared td readings
*aken 3t nther points acgrass the river at *this
Yacatian, Also, comparisons of monitar and YSI
results revegled that *he DN monitor generally
indicated higher readings than those odbtained with
the VSI meter,

The test of the SNP began following a perind
0f about 15 hours when the N from Station 3
upstream was less that 1.0 mg/l, At Statyon 3
nidstream N1 levels *hroughout the water column
remained he'ow 1.0 mg/1 during the one-hour periad
when gat2 12 was opened singularly, 1In accomance
with the 1936 <no after one hour gate 13 was
opened. At the two-hour mark 1n the operat:on the
surface 7N had recovered to above 4.7 mg/l, the
mid4epth value had improved o slightly above 1.)
mg/1, and the bdottom N0 had remained below 2.5
mg/1. Releises from both ygates continued far an
4141%ional 37 artautes at which %ime syrface D0 was
ut %0 5.0 mg/1, however. middepth and bdottom 13N
readings renained unchanged from concentrations
meas red at “he twp-hour mTark. Within a fow
ninytes of gate clasyre mddepth concentrat:on
reached over 4.0 ag/! 1nt the bottom reading
increased %o abouyt 2.9 mg/1. Approximately | hour
allawing the gate closures described above, there
was 3 1ack discharge which resulted in a sharp,
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short-Tived depression 1n 00 concentrations at all
depths of the =miistream sampling point at Station
3.

T LISTNS

Tbservations at the =iddenth of Station 1
upstream and the surface at Stations 2, 3, and
4 in the tailrace, during the startup of genera-
tron indicated that irrespective of the startup
sequence, there is an imtial drop in D0 lavels
in the immediate tarlrace assoclated wth the
start of hydropower production. The seserity and
dyration of =his 00 drop is 1nflyenced by the
stdrtup praocedure.  Tata 1ndicate that compressed
starting of <the 1generators, 1.e., all um:ts
sequentially put 21 line within a'njtes of 9ane
another, mininizes both the icuteness and the
duration of the D) drop. This seems to be due *o
the incredsed expansion of the zone of withdrawal
within the lake, %hus capturing 10re of the
e linnetic waters,

Data collected during sprllway jate openings
"ndicated that comparatively there is no differ-
ence hYetween releases from gate 14 ~odified with
stoplngs and other Jates. Additionally, the data
indicited that when ) levels were severely
depressed, the spillway releases resulted in more
dramatic improvenents compared to releases when
tatlwater 30 was 3.0 mg/1 or better. Manipula-
tions with spillway jate heights indicate that
releases result in improvenents in 30 without
respect to qgate heiqht, however, these improve-
ments occur more rapidly with increased discharges
2ither through increased gate heights or by open-
ing additional fJates. Data collected during
spillway discharges indicate that the slug of low
70 water that accumulates in the immediate tail-
race is apparently pushed downstream dy releases
and M is not significantly improved. Further,
overnight releases through the spillway jates seem
to prevent significant accumulations of low DN
water and 1nstedd both mixes and transports this
water jownstream 2xcapt 11 a very lacalized area
in the vicimty of the turbine discharge bays.

Intensiva momtoring in the tarlrace area
substantiated the hypothesis that extremely low DN
water noved qto the downstrean area fron the tyr-
Srne frscharge bays. 'Jsing conductivity as a con-
servative tracer, data collected with the Hydrolabd
in the like clearly showed that *he low D) water
be1ng observed 1n the tailrace Jurinjy nongenera-
tion periods was avarlable at the elevsation of *he
nwerhouse  intakes. Conductivity and pH were
measured at the draft tube ex1ts and were found to
he t1dentical *o those viluyes measured :n the lake
at the 1ntakes. Ffurther, data collacted 1uring
the study 1ndicated that the ex'renely 'ow 29
water accanulates tn the tailrice at  sarying
rates, uring an vernight ngnitaring per:)d the
slug of Tow M water had moved Jownstrean anly o
the ~1idepth at Station 3, In ther accasionsg
when  momityring  began in tme  early  arming,
results indicited that *he liw 27 wasor  was
mrémly fistriduted theogqhost “he water (31 yon
3% Statron 3 30 Mt noved €arther fownstraga,
'S hypathestzed . therefyre,  *hgt  the  lejkdge
vartes T rate 3¢ frscharge 101 s oSt Tty
attrihyted to maraper ar ncanplete Clsure Hf
wicket atasg, Mdroranally, groindwater  fis-
charjes 119 the tatlrace aresa "y 3152 prawide g
source of extremely low 0 water,
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Comparisons between data collected in the
river at the location of the monitar intake
(Station 3), titrations using the azide-modified
Wdinkler technique, and data obtained from the
automatic water guality monitor at the same time
indicated that *he monitor frequently recorded
erroneous NN data. In consideration of the hypo-
thesis regaring leakaje, a monitor would best
provide data on which to base actions described in
the S 1f it were located closer to the power-
house.

RETMMENDAT IONS

(1) Provide for the maximum use of com-
pressed starting procedures for hydropower pro-
quction during the mnonths when the lake 1S
stratified.

(2) Adjust the automatic monitor position
to a site closer to the nowerhouse where the low
M oroblems originate and resolve the discrep-
ancies noted between the m=onitar readings and
r2adings obtained hy other methods.

(3) Revise the SNP to provide for immediate
action (spillway releases) when low M) conditions
3.0 mq/1 or less) are detacted which are not the
result 2f an operatiomal release oroducing 2
short-termm drop in concentrations. O, as an
alternative, provide €or continuous Tow volune
(N.1 m (7.25 ft) gate opening) spillway discharges
quring nongeneration for the months the lake is
stratified to prevent the extremely low DO condi-
tions from developing.

(4) Zonduct further investigations to
determine the source and circulation patterns of
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the low D0 water in the tailrice. Evaluate struc-
tural solutioans to stop the leakage and/or other
alternatives. If any altarnatise is implenented,
further study o det2rmiine the necessity for an
SNP as described above should ve conducted.
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PROVIDING MINIMUM FLOWS BELOW HYDROPOWER PROJECTS

H. Morgan Goranflo, Jr.

and

J. Stephens Adams, Jr.

Tennessee Valley Authority
Engineering Laboratory
P.0. Drawer E
Norris, Tennessee 37828

ABSTRACT

Many hydropower facilities are operated only
during a portion of the day to meet peak system
power demands. Sometimes, during portions of the
year when Ssystem power demands are low, no
releases are made for several days at a time.
Such periods without flow can seriously damage
aquatic 11fe in the tallwater.

This paper discusses two projects where
continuous mintmum flows are provided year
around. The first is the Norris project where a
mintmum flow of 5.7 m¥/s (200 cfs) 1s provided
by a reregulating dam located approximately 2.4 km
(1.5 mi) below the main dam. The other 1is the
Tims Ford project where a minimum flow of 2.3
m2/s (B0 c¢fs) will be provided through a small
hydroturbine operating during perlods when the
main turbine s shut down. The paper willl address
the alternatives evaluated at each project and the
destgn, construction, and operation of the minimum
flow systems.

NORRIS MINIMUM fLOWS
General

TVA's Norris project s located on the Clinch
River at river mile 79.8 in Campbell and Anderson
Counties, Tennessee, about 32 km (20 m)) northwest
of Knoxville. The dam s a concrete gravity
structure approximately 580 m (1,900 ft) wide and
81 m (265 ft) high. The powerhouse contains two
generating units rated at S0.4 MW each. The
hydraulic turbines are the vertical Francis type
and have a discharge capacity of about 120 m?/s
(4,200 cfs) each at a rated head of 50 m (165 ft).

Flow conditions for several miles downstream
from the dam are essentially determined by
controlled releases from  Norris Dam. An
insignificant amount 15 contributed from
uncontrolled runoff. Leakage through Norris Dam
produces minimum flows of 0.5 to 1.8 m?/s (17 to
65 cfs) when the turbines are off.

wWith a turbine discharge capacity
approximately twice the average annual inflow, 12
hours of peaking per day are needed on the average
to pass inflow tn a normal year of operatton.
Actual daily schedules vary depending on system
load requirements and reservotir levels.
Summertime peaking releases normally begin about
midmorning and continue for the remainder of the
daylight hours. Wintertime load peaks tend to
occur in the morning and again in the evening.
Unless the Norris pool s well above its norma!
operating level, the turbines are normally not
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operated during offpeak hours. Extended periods
of zero discharge covering several days to several
weeks can occur in the spring and fall periyods to
conserve water in Norris Reservoir when power
demands and reservoir levels are low, or during
flood control operations.

These dadly flow fluctuations and the
prolonged shutoffs combined with the low dissolved
oxygen concentration in the discharge (late June
through early November) are constdered to have
deleterious effects on aquatic life, river
recreation, water quality and aesthetic values of
the downstream river reaches. By venting turbine
releases when needed and providing a minimum
release of at least 5.7 m3/sec (200 cfs), 1t was
felt that these adverse effects could be mitigated
or eliminated altogether.

Alternatives Considered

Various schemes were investigated for
providing the desired minimum flow. These
included releasing through the existing sluices,
adding a small hydroplant, and constructing a
reregulating structure downstream of the dam.
venting of turbine releases when necessary would
be a part of each alternative.

Sluice reteases to provide continuous minimum
flows when the turbines were not operating were
evaluated for several minimum flow values. for
the period October through March, 5.7 md/s (200
cfs) was acceptable with higher values desired
during daylight  hours tn the warm months.
Estimated annual costs ranged from $1.13 to $1.70
million (1980 dollars) and were due to power
losses from releases bypassing the generating
units.

A new small hydro unit to be constructed on
the left bank was also considered. The powerhouse
would contain a single vertical Francis turbine
connected to a generator rated at 8,000 kw. The
unit's rated discharge would be 17.0 m?/s
(600 cfs) and could discharge as little as 5.7
m2/s (200 «cfs). Costs for this option would
include an initial investment of $14.1 million and
an annual cost of $0.47 million. The annual cost
was primarily due to a shift of some peak
qeneration to of fpeak hours.

Two schemes for constructing reregulating
structures below Norrts Dam were seriously
considered. The first was a collapsible dam which
would reqgulate the release of stored water by
maintaining a constant depth of flow over one or
more gates. When the turbines were operating, the
gates would be lowered to prevent a tallwater
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increase at the dam. The 1nittal cost of a
collapsible barrier dam was estimated to be $5.8
million. Annual costs would range from $0.67 to
$0.94 millton, depending on the minimum flow
assumed.

The second scheme was a low welir which would
have a series of sluices installed at its base to
retard emptying of the channel following turbine
shutdown. Short turbine pulses every few hours
would be required to recharge the channel unti)
generation resumed. However, the weir would cause
a permanent tallwater rise at Norrls Dam,
resulting 1n a loss of capacity and energy
generation from the hydroplant. Estimated costs
for the welir were $0.5 million 1initilally, and
annual expenditures of $0.04 million.

Construction of a rock-filled gabton weir
approximately 2.4 km (1.5 mi) downstream of Norris
Dam was determined to be the most attractive
alternative. Total costs for this scheme were
Tower than any other alternative considered by
far. Also, since the project was considered to be
experimental, a rock weir could easily be removed
1f major problems were encountered during testing.

Design

The preliminary design process 1Involved
examining several different welr locations, sizes,
and shapes to determine a solutton that best met
the project design objectives. The most important
objectives considered were maintaining a minimym
f low of 5.1 m3/sec (200 cfs), avoiding
significant 4impacts on the Norris Dam hydroplant,
providing safe floating and fishing conditions,
and minimizing project costs. Improvement with
respect to one objective often meant a reduction
with respect to one or more of the other
objectives. Numerous tradeoffs between objectives
were evaluated using mathematical and physical
modeling to find the best overall solution. for
example, 1t was 1important to locate the welr as
close to the dam as possible to minimize the
amount of wuncontrolled local inflow that could
depostit sediment or debris in the welr pool and
at the same time provide Iimproved hydraulic
conditions over the entire tallwater. However, if
the weir was located too close to the dam, then
headlosses would occur due to the higher tallwater
elevation caused by the weir backwater.

The hydraulic effects of the weir were
examined through the wuse of a mathematical
computer model and a physical model. The computer
mode! was used to determine headlosses (due to
tatlwater rise) at Norris Dam and to determine how
tong a minimum discharge of S.7 m®/s (200 cfs)
could be sustained without storage replenishment
from Norris turbine releases. Data collected
during operation of the physical model was used to
calculate computer model discharge coefficients
for flow over the weir and to evaluate boating
risks.

A mathematical mode! for a section of the
Clinch River from the dam to about 6.4 km (4 my)
downstream was developed. Simylation resylts
showed that a flow of about 5.7 m?/s (200 cfs)
could be maintained below the weir for about 12
hours without turbine releases. Also, tallwater
elevation below Norris Dam would ‘Yncrease by about
0.09 m (0.3 ft).

A physical model was constructed at the Tva
Engineering Laboratory. The primary concern
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addressed by the model study was navigation over
the weir by small boats or canoes. Several weilr
geometries were tested, with most performing
satisfactorily at one or two of the expected
flowrates, but being unacceptable at other flows.
Recommendations were to construct and observe a
6.4-m (21-ft) wide weir in the field, and if the
performance was not satisfactory, then the
structure could be modifted into a 9.1-m (30-ft)
configurattion. Discharge coefficients were also
computed and provided for the mathematical! model.

Reqgulation of weir releases would be by
butterfly valves controlled by floats instailed in
some of the discharge pipes. After turbine
operation ended, flow would pass over the weir and
through the uncontrolled pipes. As the water
level dropped below the top of the weir, the
valves would begin to open to matntain desired
releases. Without controls, 5.7 m®/s (200 cfs)
could not be maintained w'thout either increasing
the weir height or increasing pulsing frequency.
Either option would cause a significant increase
in annual power losses at Norris.

Physical Features

The weir was constructed of galvanized steel
gabion baskets filled with 10 to 20 cm (4 to 8
in.) washed 1imestone rock. It is 1.5 m (5 ft)
high, 6.4 m (21 ft) in width, and contains 54
30-cm (12-%n.) diameter steel pipes for discharge
control. The 122-m (400-ft) long weir is divided
by Hibbs Island into a 46-m (150-ft) long west
channel section and a 76-m (250-ft) long east
channel section. To reduce construction costs, a
loose rock core was used. Twenty of the
fifty-four steel pipes were fitted with float
actuated Dbutterfly valves to control welir
releases. Trashracks were placed upstream of all
controlled pipes to reduce potential damages to
the flotation device from debris. An impermeable
membrane was placed within the upstream portion of
the weir to minimize leakage. Figure 1 s a
photograph of the completed weir structure.

Figure 1. Norris wWeir
Construction

The welr was constructed in three stages from
fall 1983 until spring 1984. Tota) construction
time, excluding delays, was approxtmately three
months. The west channel secttion of the welr was
bullt 4n the first stage. Flows {mostly leakage)
were diverted to the east channel through pipes
contatned itn a small dam bullt for this purpose.
The dam was also used as an access road to the
west channel construction site. After the weilr
section in the west channel was completed, flows
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were diverted through discharge pipes 1in the
finished section while work proceeded in the east
channel. An 11-m (36-ft) long section was left
uncompleted until the remaining weir was
constructed to tts full height. This enabled the
pool level to drop sufficiently for construction
personnel to enter the river three hours after
unit operation ended. The last stage of
construction was closing the open section over a
two day weekend period with no turbine releases.
A1l work was accomplished during perlods the
turbines were not operating. During the fall,
power demands reguired that construction take
place at night on the 11 p.m. to 7 a.m. shift.
A1l other work was performed during daylight hours.

Operation

The weir 1s designed to sustain a minimum
discharge of approximately 5.7 m3/s (200 cfs)
for 12 hours after turbine releases end. Based on
historical records, adequate streamflow below the
weir can be maintained on a typical day of
operation. However, during extended periods of
zero release, a one-turbine pulse of 30 minute
duration 15 required twice dally to replenish
storage behind the weir.

The welir as constructed did not provide
satisfactory regqulation. Field tests revealed
that there was too much leakage and the flow
decreased too rapidly following turbine shutoff.
Seventeen of the uncontrolled pipes were plugged,
and leakage was reduced by sealing the top 15 cm
(6 in.) of the weir. Field tests to evaluate the
welir's hydraulic characteristics were again
conducted, and  overall flow patterns were
determined to be satisfactory. The water surface
profile over the weir appeared smooth, and no
large recirculating eddies were observed. The
measured 1increase In tatlwater elevation varied
between 0.05 and 0.11 m (0.18 and 0.35 ft).

Three hours after the turbine releases stop,
the pool elevation drops to the top of the weir.
From hours 3 through 7, a flow of 4.5 m3/s (160
cfs) 1s maintained through the weir, primarily by
the uncontrolled pipes. The valved pipes begin to
contribute more and more as the pool level drops,
steadily increasing total discharge to about 6.1
m?/s (215 cfs) at hour 10. The flow gradually
returns to 4.5 m3/s (160 cfs) by the end of the
12 hour period. Leakage through the abutments
supplements pipe discharge to effectively maintain
a constant release.

Results

Conditions in the tallwater have improved due
to welr construction and aeration of turbine
releases. Fish food organisms, such as mayflies,
caddtsfives, stonefltes, snadls, and crayfish
preferred by trout have grown in number. Also
increasing in abundance have been minnow species,
a part of the dlet of the large brown trout.
Trout condition, a measure of the plumpness of an
tndYvidual fish and an indicator of growth rate,
has also improved. From 1980-83, conditions of
rainbow trout dropped an average of 112 percent
between summer and fall. [n 1985, the condition
d1¢ not drop at all,

An increase in trout stocking 1n additton to
tmprovements in taltlwater conditions has resulted
fn substanttal growth in fishing pressure and
recreation. Plans are to increase stocking even
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further, raising expectations for greater use in
the future.

TIMS FORD MINIMUM FLOWS

Alternatives for supplying instantaneous
minimum flows in the Elk River below TVA's Tims
ford Dam were evaluated. Due to thermal
stratification in Tims Ford Reservoir, turbine and
sluice releases at the dam provide cold water
ranging from 5°C 1in the winter to 16°C 1in the
fall. These temperatures offer the opportunity to
establtsh and maintain a 64-kxm (40-mi) long cold
water fishery in the tallwater. Supplying minimum
flows in the river channel at all times would help
maintain an adequate food base and sultable flow
and depth conditions for trout. Costs and
benefits for four alternatives were estimated, and
implementation of the most favorable alternative
1s nearing completion.

Project Description

Tims Ford Dam s located at Elk River
Mile 133.8, in southcentral Tennessee. This
location, within two hours dgriving time of the
large population areas of Huntsville, Alabama;
Chattanooga, Tennessee; and Nashville, Tennessee,
offers an opportunity to maintain and enhance a
cold water fishery unique to this region.

Site descripttion

Tims Ford Dam was c¢losed in Oecember 1970 and
a single dlagonal-flow, fixed blade generating
unit went into commerctal operation In March
1972. The unit 1s rated at 45 MW at a net head of
36.2 m (120 ft). 7The dam s also equipped with a
0.41-m (3-ft) diameter low-level supplementary
water release sluice with rated discharge capacity
of 7.1 md/s (250 cfs). Below the dam, the Elk
River € lows through fayetteville, Tennessee,
approximately at river mile 90. The Fayetteville
Water Treatment Plant pump intake 1s located at
river mile 93.9. To maintain proper submergence
of the pump tntake, a river stage corresponding to
one foot at a nearby USGS gage s required.
Currently, this corresponds to a flow of about 4.1
md¥/s (145 cfs). The unrequlated dralnage area
between Tims Fford Dam and the gage s 773 km?
(298 mi?), and the estimated 20-year recurrence
interval, 3-day minimum local inflow from this
area is 1.25 m?/s (44 cfs).

Current operations

Tims ford is a multipurpose project, and as
such, 1s operated for authorized purposes of flood
control, recreation, power production, and water
supply. The single generating unit s generally
1imited to a discharge rate of 170 md/s
({3,900 cfs) due to downstream constderations. The
averaje annua! adjusted flow at Tims Ford Vs 27
m¥/s (955 cfs), which means that the unit on
average can be expected to operate about 295
percent of the time. Based on historical records,
the average number of "zero release hours per day"
varies from 12.3 in December to 19.& in October

The supplementary water siulce Y5 uied ‘rom
Memorial Day weekend through September tc provide
for water supply at fayettevil'e These t1ows are
provided on weekends, since 'imited reseryolr
inflows during this pertod are gereraily passed
through the generating unit on higher ‘oad
weekdays only During the summer and ea-'y ¢a'!
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months, when two hours of turbine use per day !s
common, the unit is often operated for an hour in
midmorning and agatn for an hour in late afternoon
to provide for a more even distribution of flow at
Fayetteville to ensure that the stage requirement
is met.

The generating unit at Tims Ford 1s operated
locally from within the powerhouse. The
powerhouse 1s normally staffed from 6 a.m. until
10 p.m. on weekdays only. Turbine uSe on weekends
requires personnel to be called in. The sluice
can be operated either locally or by remote
control from a netghboring project. Evaluation of
various alternatives described later in this paper
is based on not having remote operation capability
for the turbine. An air compressor was installed
at the plant in 1984 and used during the fall of
1984 and 1985 when the natural dtssolved oxygen
concentration 1n the turbine releases dropped
below 4 mg/L. Use of the compressor s planned
for the future during simtlar low 00 pertods.

from examination of avallable records,
feakage from the reservoir rim and through the
unit was estimated to be 0.6 md/s (20 «cfs).
This water enters the river (channe!l in the
proximity of the dam. Leakage w!ll vary with
headwater elevation, being somewhat lower in
winter and higher tn summer.

Current visitation to the Elk River from Timg
ford Dam to fayetteville was estimated to be about
9,000 annual trips. Two thousand are canoeing
trips and 7,000 are fishing trips. Recreational
access to the river is provided at seven different
locations owned by TVA, and with one exception,
they are maintained by the Elk River Development
Authority. Currently, the State stocks about
70,000 trout annually in the Elk River below the
dam.

Evaluation Criterta

The impact of the wvartous minimum flow
alternatives on power production at Tims Ford was
based on the comparison of projected plant ouldut
for each alternative vs. simulated output for the
base case, or hnistorical conditions rigtortrgl
flow and reservolr elevation data for the per‘sg
1973 through 1983 were used to s'mu’ate da'’y Deax
and offpeak generation These va'ues were ,sed ‘o
compute monthly averages for the per'‘ad for
comparative purposes Histortca’ reservotr
elevations were used as Much as possib’e, a though
for some alternatives the reservotr wd s
necessartiy lowered during dry condttiong '~ grier
to meet the m'‘nimuym f'ow requiremerts ir thoge
cases, computed elevations were foried o onverge
to historica! el'evat'lons as soor as poss'hle Ny
reducing releases '~ sucreeding pertods. thereby
YAcurring e‘ther 3 powe’r 'G5 DF L ednDng SRt oF
power Max'‘mum Jrawdowns De'dw R'stirt gt eye
were noted 'n the res s far earh 4 tecngtive

The econom'c anays's far ea g3 iteccati,e

was Sased on tre € water G&pc- v » -
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factors to consider in assigning points. These
factors inc lude: (1) recreation experience,
(2) avatlability of opportunity, (3) carrying
capacity, (4) accessibility, and (5) environmental
quality. Out of a possible 100 points, the Elk
River was judged to merit a range of 65-69
points. In 1985 price levels, this converted to a
range in the value of visits from $16.50 to $17.50
per unit day. Ffor the purpose of this analysis,
about 75 percent of the increase in benefits was
attributable to enhanced minimum flows, and about
25 percent to enhanced dissolved oxygen levels.

Current fishing use estimates were supplied
by personnel from the Tennessee Wildlife Resources
Agency who are most familiar with fishing in the
taliwater. Thelir estimates represented the best
avallable information but have yet to be confirmed
by dactual pressure estimates based on fleld data.

In response to these improvements in the
tatlwater, stocking would be increased in each of
the a'ternatives 1in proportion to the expected
btological! improvements and increase in angler use
expected. Potenttal for tncreased fisherman use
wds calcu'ated bated on the following factors
provided by the vartous aiternatives: improved
€000 base, increased production, increased
carry'ng capac‘ty, and ‘mproved conditlons for
bank and boat fsning

For evalyation of the alternatives, the
minimum  f'ow was targeted toc be 2.3 m3/g
(80 cfq) Thts selection was Dbased on fleld
visits to the ta‘'water sites Dy various personne!
during perdYods of operatlon of the slulce at that
rate It wdas fe't thgt tris rate would provide
acceptable f'ow condttions for the fishery as well
3s mainta‘'n suitable conditlons for  floating.
Thts release, plus the est'mated ‘eakage and
minimum “ocal inflow as described previously,
would a'so te adeguate to Drovide the reguired

fFlow 4t +ayetteville 'r most cases It was
ipparent at the beg'nning of the study that
mintmum  f ows  mu¢h  arger  than  these would

severe'y impait Cower productior, and would limtt
flex'b Tty 'r osee(ting a‘ternatives

A ferngtiyes For Ma'ntatatng Miatmgm fows
Paur A termattees  are  Jescrited  Yn thig
se(ttan ta:% wdy e.a .a'ed Nazed or the above

cleprty
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pressure on the river immediately below the dam,
at a highway bridge access. Due to rapld water
rise when the turbine s started, additional
warning signs at the site would have been
warranted.

The 1impacts on water quality would be
positive. The sluice releases would maintain
lower overall temperature in the river between
turbine pulses. The releases would be well
aerated due to aspiration through the sluice vent
system. Recent tests showed dissolved oxygen
increases from 1 mg/L at the sluice intake to 10
mg/L Just downstream from the sluice outlet in the
tatlrace.

For the pertod of record analyzed, the impact
on reservolr elevations was minor. The
stmulations indicated, even in the drier years, a
projected drawdown of only one foot below levels
observed historically.

Fishery benefits were calculated as described
previously. Benefits accrued from provisions of
desirable DO concentrations and flow conditions in
the upper tallwater. Those improvements would
increase the food base, improve the ability of
trout to feed during the late summer and early
autumn, and improve the minimum water depths and
velocities. These benefits accrued primarily in
the upper reaches of the tailwater where the
change from existing flow conditions would be most
dramatic. It was estimated that this alternative
would increase total annual visitation to 24,000
within five years. On a present worth basis, this
corresponded to an increase in benefit of
$1,820,000 to 31,924,000 over the 1ife of the
project.

Small generating unit alternative

This alternative would incilude the addition
of a small generating wunit to the existing
powerhouse (see fFigure 2). The unit would use the
existing sluice pipe for water supply. A surplus
cooling tower makeup pump/motor would be installed
and operated in reverse as a turbine/generator.
This equipment was avajlable from a cancelled TVA
nuclear project. Preliminary estimates of
performance for this unit, operating as a turbine,
indicated full gate releases of 2.2 to 2.5 m?/s
(78 - 90 «cfs), with generator outputs ranging
between 470 and 830 kW, depending on the reservoir
poo) elevation.

As in the case of the sluicing alternative,
this unit would be operated any time the existing
unit was not, thereby providing an instantaneous
minimum flow at the project. Both units would be
operated concurrently only during flood control
operations to evacuate water from the reservoir.

This alternative would result in a small gain
of total generation but a shift of peak energy to
of fpeak energy. This was due to the new unit
releasing water during offpeak hours which
otherwise would be passed through the larger unit
only durtng peak hours. The expected annual
generation gain was 600 Mwh, with 1,930 MWh being
shifted from peak to offpeak use. The net effect
of these impacts was a present worth power cost of
$315,000. Nevertheless, this alternative had the
least impact on power production of any of the
alternatives studied.

Most other impacts were the same as described
for the slulce alternative. The main exception

ISOMETRIC OF
TIMS FORD
POWERHOUSE

CLUOMG MOPOIED SMSL.
Amatg T

Figure 2. Tims Ford Powerhouse

was the dissolved oxygen concentration expected in
the tailrace during the operation of this unit.
It 1s expected that some natural aeration could be
Induced n the draft tube of the unit, however
provisions would be made for forced air injection
by a small compressor. In either case, DO uptake
would not be as great as that occurring with the
sluice releases although 1t was anticipated that
adequate amounts would be provided when the
natural DO content dropped below 4 mg/L.

fishery benefit increases for this
alternative were projected to be the same as for
the sluicing alternative.

The project capital cost was estimated to be
$860,000, with a projected present worth O&M cost
of $103,000. An additional $40,000 was estimated
for outage costs during the construction period,
since use of the existing unit would not be
possible during early stages of construction.

Rerequlating welr alternative

This alternative would involve the
construction of a low welr some distance
downstream from Tims Ford Dam. This welir was
similar in purpose and scope to the Norris (Clinch
River) weir described previously in this paper.
Two alternate weir sizes were studied: one which
could provide flows of 2.8 m*»/s (100 cfs) for
twelve hours duration; and one which could provide
the same flow for twenty-four hours duration. Oue
to limited access to the river 1in the first
several miles below the dam, the proposed we'r
site was located 4 km (2.5 mi) Dbelow the dam.
This location 1s owned by TVA and allows public
access to the river.

The option to provide for 24 hours storage
required a welr size that was deemed unacceptable
due to safety concerns. The final welr selection
was based on providing only 12-hours storage. The
cost estimate for this option was based on a
similar design as the weir below Norris Dam, and
included 15 valved and 10 unregulated pipes. To
replenish the water behind the welir would require

Goranflo, et al.

81




a pulse of water from the generating unit at the

dam of 25 minutes 1in duration once every 12
hours. Because the powerhouse Ys not manned on
weekends, it was more cost effective to slutce the
water rather than call in operators to make the

two pulses 12 hours apart.

The impact on power production was a net loss
of total generatton, mostly from peak periods,
resulting from the slulce discharge required on
weekends. This loss was estimated to be 640 Mwh.
It was estimated that the weir would ralse the
tatlwater elevation about .06 m (.2 ft) during
normal operation of the generating wunit. The
estimated net present worth replacement cost of
these impacts was $431,000.

Most other impacts were the same as described
for the other alternatives. However, 1t was
predicted that increased biological benefits would
not occur between the welir and the dam. Thus the
increase 1in annual visitation was projected to be
lower, resulting in a total present worth benefit
increase ranging from 31,169,000 to $1,241,000.

The weir was also evaluated as to possible
backwater impacts upstream from the weir to the
dam. It was calculated that the tmpoundment effect
of the weir would result in water surface profiles
which exceeded the flowage easement boundaries
originally acquired between the welr site and the
dam, for normal release rates of 110 md/s
(3,900 cfs). Therefore the cost estimate included
the purchase of additional flowage easements where
appropriate.

The estimated capital cost was $673,000, with
an additional 340,000 required for outage cost and
a projected present worth O&M cost of $52,000.

Pulsting alternative

This alternative required that the generating
unit at Tims Ford be operated in a pulsing mode to
provide minimum flows 1in the reaches below the
dam. This option aid not provide for
instantaneous minimum flows at the dam, but due to
natural wave attenuyation and depending on the time
tnterval and pulse duration selected, would
provide mintmum flows of varying magnitudes inr the
channel downstream. For sites nearest the dam,
resultant nhydrographs wou'ld be sharply splked,
with nigh flows aduring the pulse and rapidly
diminishing to zero shortly after the puise
ceases . At intermediate locations downstream a
nottceable rise tn flowrate wou'ld occur sometime
after the pu'se, but appreclatle minimum flows
would be maintained At tocations  further
downstream, the resulting flows wou ld be
essentially steady

The pulse dur tion, 15 minutes, and Ynterva!l
between puylses, 3 hours, selected for evaludt'on
were Dased on matntadning an ‘nstantaneous flow of
sbout 2.8 m*/s (100 cfs) 4t the proposed welr
site Minimum ¢ Tows ypstream from this site wou'd

be less (only 0 6 m?/s (20 cfs,; at the ‘mmedlate
tallwater), while the ‘nstantanecus minimum f'lows
downstream wou'd be larger, ranging to 9 B8 m’/s

{345 cfs) at Fayetteville

inctude a
s\gn1!1(ant

on power produttion would
net gain 'n total! gqgeneration and

shifts of peak to offpeak qgeneration The gatn
(430 MWh) s Decause no walter would De released
through the slulce The shift to offpeak power

Impacts

results from the unit being operated for puylses in

the offpeak pertod. Annually, this shift would
total 9,490 Mwh. The present worth of the net
replacement cost due to these tmpacts ts

$2.111,000.

No benefits were claimeg for the higher net
flows in the Jower reaches of the tailwater. This
is because the river was not considered as a prime
recreational floatway. There could be a negative
impact on safety for those persors using the river
in the upper reaches, particularly near the dam.
water surface elevations would rise rapidly during
the pulse, up to 2 m (6.2 ft). This would happen
etght times per ddy, 1in contrast to current
operations with only one or two pulses.

Constant raising and lowering of the water
surface in the channel reaches immediately below
the dam could increase the rate of bank erosion
there. However, the reaches further downstream
which have historically been eroding at a faster
rate would not be affected as much because of
channel attenuation.

fFor the perlod of record analyzed, upstream
reservoir elevations coyld be reduced
significantly. In the drier years, projected
reservoir drawdowns up to 2.9 m (9.5 ft) below

tevels observed historically were computed. This
could sertously impact recreation on the reservolir
depending on the timing of the drawdown, with
August and September being the most critical times.

costs assoclated with
was made to estimate

There were no capital
this option. No attempt
increased O&M costs due to much more frequent
starting and stopping of the unit. However,
operation costs would increase Substantially.
Because the powerhouse s currentiy manned from
6 a.m. to 10 p.m during the weekdays, additional
operators would be required to provide for
operations 24 hours per day, 7 days per week The
present worth cost of this \increased staftft was
estimated to be $1,240,000.

benefits were reduced due to the

flow tn the reaches Iimmediately
which wou'd not provide blol'ogica’
benefits or good :onditions for bank or foat
fishing Beneftits were ‘ncreased further
downstream becguse the h'gher minimym flowrates
wou'ld  provide  ‘niredsed water depths, welter
substrate, and more stable water temperatures
The estimated present worth benefits were $9672.000
to 31,024,000

fFishery
vartabtlity of
below the dam,

Compartson of Alternatives

A quantitative
diternatives '
ana'lyses show B/

ard qualitative compar‘son of
shown tn Taple 1 "he economic

ra%ttos of approsimately the same
magnitude for alternatives une, two, and three
The tower B:( tur the welr aiternative Y5 due o
the requction 'n tenefits bGecause mintmum ! 'ows

are not provided 'n the reach between the Jam ang
welr s'te Based an the stydy, the sma'!l ynit
a'ternat've "naaq *he least adverse ‘mrict on power
production 4and ‘the most attractive B/ ratto
A'though the p'an ‘ngdtigtes a4 relatively "'gh
Intttal  cost, Yt provides an  examp'e of  gn
tanovative ma!l nydro Ynstallation 1t wil)d
allow a chance for the eval'uatlon of the
effectiveness of th's type of installatton ir

maintatning and enhancing a designated c(old water

fishery



TABLE 2

Comparison of Alternatives

Alternative

Siulce Small Unit Welir Pulsing

COsTS

Construction 0 860 673 0

Unit Outage 0 40 40 0

Operation and Maintenance [y} 103 52 1,240

Power LosSeES 1.550 315 4N 2,11

Stocking 155 155 103 103

Total 1,705 1,473 1,299 3,454
BENEFITS

Coldwater Fishery 1,820-1,924 1,820-1,92¢4 1,169-1,24) 962-1,024

NET BENEFITS s - 219 347 - 451 (130)-(58) (2,492)-(2,430)
BENEFIT/COST RATIO 1.07 - 1.13 1.2 - 1.3 .90 - .96 .28 - .30
Note: A1) amounts are present worth values expressed In thousands of 1985 dollars.

Amounts 1n parentheses are negative values.
OTHER CONSIDERATIONS

Sluice Small Unit Wetr Pulsing

Potenttal negative impact on bank erosion No No No Yes
Matntain minimum flow in upper 3 miles Yes Yes No No
Includes improved access for public No No Yes No
Additional safety concerns Yes Yes Yes Yes
Requtires land easements or land purchase No No Yes No
Flexibility tn changing minimum flows Yes No Yes Yes
Minimum flows are aerated Yes Yes? Yes? Yes?
Recreational floating enhanced No No No Yes
Possible adverse impact on reservoir levels No No No Yes
iAeration pravided by natural induction or small compressor when D0<4.0 mg/L
Aeration provided by large compressor when 00<4.0 mg/L

Three primary factors ‘impacted greatly the completed by late fall of 1985. Work resumed in

(1) the relatively
unit would be run
(2) the physical

selection of this alternative:
iarge amount of time the
(average of '8  hours/day),
avat'ability of a usable water supply for the
unit, thereby minimizing clvil costs, and (3) the
aval'aptlity of the unit as a surplus item at a
qreat'y reduced cost

{mplementation

Implementation of the small unit alternative

began ‘n the summer of 1985 An earth and rock
cofferdam was placed n the tallrace for the
purpose of dewatering the existing draft tube.
The top of the draft tube was used to support the
operating platform for the new unit. After g
pertod of several weeks, the cofferdam was
removed, allowing normal operations with the

existing untt The penstock for the new unit was
tied ‘nto the concrete encased sluice pipe, which
runs laterally along the tatlrace. Butterfly
valves were instalied between the new unit and the
sluice pipe, and downstream of the penstock on the
slytce pipe for directional control of water,
enabling the slytce to be used for providing flows
during maintenance an the new unit

The platform work had been

and penstock

8

1986, consisting of installation of electrical
tte-in to the switchyard, wiring of controls and
instrumentatton, and modifications to the shaft
and bearings on the uynit. A small atr compressor
is beling tnstalled to enhance oxygenation, with
air being injected into the penstock just upstream
of the unit. Preoperational testing 1s expected
to begin in October 1986, with online operation
anticipated to follow soon thereafter.
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ABSTRACT

Reservoir personnel Sperating muitilevel
selective withdrawal outiet structures often have
difficulty determining the daily outlet operations
required to yield a desired release temperature.
Therefore, we have compared four techniques
designed to determine day-to-day outlet structure
operations that will yield a particular reservoir
release temperature given a specific outlet works
configuration and various reservoir conditions.
Pata from a stratification season of approximately
8 montns were used in tne comparison. Jiven the
prescribed optimal operating scheme of each tech-
nig4e, 3 mathematical description of selective
«“ithdrawal w~as used to predict the resulting
project release temperatures. The release temper-
atures produced Dby each scheme's prescribed
operations wWwere compared to the target release
temperature, and the most 3ccurate technique was
identified. The UYS Army Corps of Engineers (CE)
program SELETT «ith a port-selection capability
wWas considered the best of tne four techniques.
SELECT is a one-iimensional, user-oriented numeri-
cal model of witndrawal and daily operations that
is executable on a microcomputer, as well as on a
mainframe computer. The program is capable of
being an integral part »f an 3automated reservoir
data coli=ction and structure operation system.

INTRODUCTION
Backgrounad

As 3 result 3f increased public awarazness of
our environment and the formulation of state andg
Federal lagislation, <ZE reservoir projects are
veing Jperated «“ith an emphasis on specific w~ater
quailty cbjectives. Jur emphasis in this paper is
an reservoir releises dand w~ays to meet 3pecified
release ‘temperatures. whiles temperature (s not
tne only <ater juality parameter >f interest {n
reservoir re.eases, 1% 13 certainiy an important
ane, For example, the viadility of 3 fishery
2ownstream >f 1 reservoir may 1lepend on  tne
~elease of water «ith a certain maximum or minimum
temperature. Furtner, there o2ould be limits on
the rate 2f cnange Jf the water temperature during
Jperat.onal 2hanges. Attempting > accurately
meet requests aiccurately for particular release
temperatures plices a heavy burden on project
oparators.

AL most  proests  «here  releases  tan 5e
controlled, wne San.iet WOr«3d are  mylstileve!l
se ezt ive witndrawal structures, Tperators often
fingd it 241ffinult %o jatermin2 how %D DJperate tne
3tructure 5 achievae 3 %argel or cT ectlive release
temperature, Exparlence may teli them tnat under

given temperiture >23nditions {(n tne reservoir,
certain outlel Hperations «4ill  4pproximate the
objective ~elease ‘Lemperalture; cuit  When  tne
~elease requirements are 3tringent, experience
alone may not 9%e suflfficient.

The major questions that must pe answered for
accurately operating an outlet structure to
cnjeve an oojective release temperature with a
certain flow rate are (1) which outlets should be
opened, and [2) if multi{ple levels are used, how
should the total flow rate be distriouted between
them? To answer tnese questions, one must know
the temperature Jf the water being withdrawn
through each outlat. With this information, the
fiow rate for each outlet could be determined so
that, when the releases mix, the total release has
A temperature equal to the objective release
temperature,

As a result of density stratification {n a
reservoir, upper and lower limits are formed by
tne process commonly called selective withdrawal
(Wilhelms 1986) bnecause a selective region of
water (the withdrawal zone) is withdrawn from the
reservoir for release, Only the water between the
limits is withdrawn {Figure 1). If tne withdrawal
zone limits can be determined, and if the tempera-
ture and withdrawal distributions are «xnown
throughout the withdrawal zone, the resulting
release temperature from the reservoir can be
predicted. The selective withdrawal processes
have been described mathematically (Smith et al.
1986) and incorporated intd the computer program
SELECT (Davis et al. 1986), making the program
capable of accurately calculating the temperature
of water withdrawn through an outlet given the
release rate and reservoir temperature or density
strat{fication.

||| ]

UPPER LIMIT

_ WITHDRAWAL ZONE

PORT g — - - - —_—
LOWER LIMIT
Figure 1, Selective withdrawai zone.
Jbjective and Scope

A port selection rapability ras taen
inzorporated  :14tH  the one-1imensiocnal numerizcaj
model f witndraw@a., SELECT, maxing the computer
vie a prediztive taol for operational guldance
‘Holland angd AWilneims IS This paper compares
tne effextiveness O four tecnnijues Mclading
SELECT) at onmoss.ung dutlet odperations reguired to

meat release temperature HLjeodtives, In 2ddition
o 3E.LECT, tne tesnnijues  inclule the 3i1mplest
technique, <i.led the Tingsest-Port Method (. PM}Y,

swne Pfroportinal Jistance Metnhcd PDM, and tne
Proportional Temperature Method (PTM). The PIM
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and the CPM are completely independent Of water

temperature at tne outlet elevation and are
fanctions of tne proximity of tnhe outlets to tne
elevation 3f the objective release temperature in
the reservoir. The PTM estimates tne release
temperature from an outlet as the temperature at
that outlet's center-line elevation. These
methods may not bde the only techniques used to
Jdetermine outlet operations, but they are methods
which may commonly be wused at some reservoir
projects.

DESCRIPTION OF METHODS AND DATA
Zlosest-Port Method

For tne IPM, one Jetermines tne elevation of
tne target or >bjective release temperature {n the
raservoir and then selects the submerged outiet
s.03est to that elevation for operation. All of
tne release (up to the hydraulic maximum) s
passed tnrougn that ouatiet. For example, from
Figure 2, Port ! is closest to the targel tempera-
ture; tnerefore, the total release would pass
rarcugh that outlet if the IPM {s usea for
Jperiational guidance.

— .
= 20 C
14 .
g
PORT 1 = ¢ - - 20
' ’ 15m ’15 7
. 3
<q .
- TEMPERATURE
14 46m |15+
" TEMPERATURE
v PROFILE
PORT 2 ——

Jutlet elevations relative
t> temperature prafile.

Figure 2.

Pragortional DJistance Method

For tne PIM, oOne must 1etermine tne e evitl.)on
3f tne narget ~eiease temperilture [0 Lne reservaln
and “nen 32lect tne nutlets that [ie immelidtely
azsve and 9e2iow that elevation for spesiticn. Tha
Soartion of tne total release fir o edon sutlel s
funzsion Of how 2lose the Jutlet (s %) the eleva-
vidn of tne target -~elease ‘temperature. For
examp.e, Tigure 2 indicates that Port3 ! 4nd 2 are
tne ports lmmediately above 4nd Selow tne elevia-s
“icn 3f the target temperature, LTS AN D
iwiy {~om the targe" temperaltire; Port 2 i3 'S {1
Fw2y. A 3imple fistance ~atio .39 Lseld Lo lidile

.o

nne %total re easze Cetseen tne ports. The Tlow

~ate for the upper Huniet woull Le

vanne net4een the upper Hut.et 3nl tne
vation f tne oshjective release

N
remperatyre

ST

4

1i3tance netween dutiets

wr
-4
.

3t - total flow rate through tne outlet worxs
3, = Tlow rate through tne lower outlet

DL = distance between the lower outlet and the
elevation of the objective release
temperature

Equations 1 anc 2 indicate that Port ' should
release 75 percent of the total discharge wnile
Port 2 should release 25 percent. Note that tne
outler release temperature does not influence the
computation of the flow rates. In fact, the only
influence exerted by temperature for both tne IPM
and PDM is the selection of the ports to be
operated and then only as a function >f proximity
to the objective temperature.

Proportional Temperature Method

Witn tne PTM, one must letermine the outlets
immediately above and below the elevation >f the
objective release temperature in the reservoir.
The temperature at the center-line elevation of
each of the outlets must then be determined. The
portion Of the tota. release to be released
through each outlaet for maintenance of the release
oblective i3 based on a ratio f the temperature
differences bvetween tnhne out.lets and the objective
temperature. Matnematically described, the fliow
rate tnrough the upper outlet would de

- AT,
2, ! - =]Q ‘3
3} A.T T
and the fliow rate through the lower outlet wou.d
be
AT
L
-1 ; 4
Q,_ ATT)QT (W)
where
ATU = temperature difference between water at the
upper dut.at elevatinn and tne objlective
~elease temperature

temperature 1;lference velween witer al Lne
ipper and lower outiet elevat:ions

AT, = temperature Jifference between wWaler it wne
lower Jutiet elevaltion ant tne osblective
~alejse tempaerature

FOr examnple, L.8.ing the PTM Figure 1 (niicates Laat
Ports 1 ani 2 3houll 2acn release 50 percent oF
the %utal melease. Note, in tnis rase, tnat the
approximition Hf *nhe dutlet -e ease temperatures
“1%n outlet renter-iine temperatures s:ignificantly
1nfl.entel  the 2ompatation )0 tne flow  rites
Sompdred to tne TPM ani POM metnods.,

ETT uses 3 morae

A3 previoudly  tiicained, f d
3apnisnitited ap;raatn Lo tetermine puntl Nperi-
LLun. Imimially the PT™M (3 isel 13 tne 2t mate
Wperatinn and TloW tdte propoant

PRIt %Al atheme D9 then Mol

o

S alffasvg  f  3hrat fLel Tlow, Tre

il Atera gre (vt lvel S n
LrLtm L perfarmed iyt

i, jetecmines tre Lt el penoan

Tomp an satamate T tre P A

Z. The a3t matel @ mites 37e Lnen usel %)
vitiet raleiss  temper4lunes  L3ing

. ine tre
e fegoriptin a3l sajertive witnirawaj,
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o, These reiease temperatures are tnen used
to redistridute tne flow between the purts using
tne same ratio equationns as in the PTM,

In aimost every case that has been evaluated, tnis
single iteration has been sufficient Lo accurately
determine outlet operations,

Data Used for Comparison

The apove methods were used t> Jetermine
Qutlet operation over an 3-month period for an
vd3served  3set of reservoir conditions. The
reservoir  1ata Jere typical of 3tratification
patterns from meteorol._gically dominated
reservolrs. F.gure 3 3nows ian isotnermal plot of

[

3. Isutnerms (n Lest li13e reserviir.

.23 for Lne

tempe~aturs or
Tomparison. 5
Tims 433 ~nanged
Nl temperalgre pr
L2338 tempesitur
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Figure <, Jbjective temperat.re for re.aase,

The example oOutlet structure oconsisted of two
jeparite Jet ~ells contalning two ports per wet
42.. at staggered elevations Cigure 5. Tre
Jutlet structure ailowed two outlets to Le u3ed

cne in each wet weil: simul-ianeousiy for tne
blending of differing reservoir water temperatures
needed to meet the temperature objectives.

WATER
SURFACE

\-\_\+

L» WET WELIL 2

WET WELL !

Figure 5. WithdrawWal structure conf,.guration.
RESULTS AND CZONCLUSIONS

The results Of tnese four methods were
compared to evaluate tneir rapaniiities ror
selecting the 2utlet operation td achieve a
partizular release temperature under a g.ven set
>f reservoir and operating 2ondi%ions. These
decision-maxking tecnn.ques were Compirel Sy using
a numer a3l tescription of the <ithdrawa.
pricessas Lo letermine ~el:2ase naricter 3
2pposed L 3 pnysilal Mudel I Lrlitype MedldLre=
ments . . For the CPM, PUM, and ~T™ ‘e qn;j.es »f
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accurate, should pe considered for use, particu-
larly when specific release temperatures are
critical.

It should be noted tnat 4e w@would not exgect
an operational error of 0,0° C 1if SELECT Jere in
use at a reservoir, but we would 2xpect the error
to be smaller than if one of the other techniques
were used. To qualify these results, one must
recognize how they were derived. A mathematica.l
description of selective witndrawal was used to
determine the withdrawal characteristics for cne
CPM, PDM, and PTM operations. SELEZT also used
tnat description. Thus, the resuits of C.0° C
average error for SELECT indicated that tne port
selection algoritnm is idle to determine the port
operation and flow proportions tO meet objective
temperature exa2tly when tne mathematizal Jdescrip-
tion of witndrawal accurately defines the actual
outfliow characteristics of the structure.
Significant 1ifferences between tne actual release
temperature and Objective temperature would occur
only if tne actual «ithdrawal! characteristics of
the project differed greatly from the mathematicai
lescription of osutflow. in tnis case, however,
a:il metnods mentioned woull probably nave
sdbstantial error, witn SELECT generally hnavin
the least errcr of the four.
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APPLICATION OF THE SELCIOE MODEL
IN THE NASHVILLE DISTRICT

R. B. Sneed

Hydraulic Engineer, U. S. Army Engineer District Nashville, Nashville, Tenn.

ABSTRACT

The author discusses application of the
SELCIDE mode! developed at the Waterways Experi-
ment Station to Corps of Engineers projects in the
Nashville District. The need to accurately route
water quality through a system of ten impoundments
on the Cumberland River system is emphasized. The
ability to predict the physical and chemical prop-
erties of water released from both tributary and
main-stem projects using SELCIDE is presented with
a series of four case studies. Included in the
examples of the application of SELCIDE are a navi-
gation project, a tributary hydropower project, a
mainstem hydropower project, and a tributary proj-
ect with selective withdrawal capability.

INTRODUCTION

The CE has long recognized the need to be
able to accurately predict the physical and chemi-
cal properties of water released from their proj-
ects. This is particularly true in the Nashville
District where a system of ten tributary and main-
stem projects are operated in the Cumberland River
Basin. The ability to route water quality through
*he system depends in a large part in being able
t9 accurately assess the quality of spillway and
tirdine releases from both tributary and main-stem
ororects. The Nashville District has for a number
¢ years accomplished this with one or another
version of what s now titled SELCIDE., SELCIDE
3'Tows the Lser to make predictions of release
waser guality for both planned and existing proj-
ects and 1s %hus both a useful planning tool as
well 15 an operazional tool.

SELCIDE as 1% exists today has its roots in
the earlter SELECT model developed at WES by Bohan
and Grace '1973). lmitial physical model 1nvesti-
3atrons were begun 1n 1366, These studies were
carered out by 1injecting red dye 1n a stratified
water column and fiiming the effect of varying the
quantity of discharge and the location of “he
q15¢harge port on the zone of writhdrawal, From
this work 1% was determined that the variables of
premary cancern tn describing the upper and ower
Timits of withdrawal were the orifice size, the
veloc'ty through “he orifice, the density profile,
ard *ne location of the orifice with respect to
*he density profirle. These relationships were then
described mathemat:ically for the case where boun-
qaries are not encountered 'n terms of the den-
simetric Froude number. [t was also determi ned
*that the upper and lower wihdrawal Zone limits
are independent of each other and one or voth can
extend to the boundary without affecting the
other, A s1milar approach for flow over submerged
weirs 1denti1fired the velocity over the weir, the
density profile, and the location of the weir with

respect to the density profile as the important
variables. The data were correlated to the den-
simetric Froude number as in the case of flow
through an orifice.

The SELECT model underwent several modifica-
tions through its development. However, most of
these changes involved the format of required
input data and the presentation of model results,
and the basic theory behind the model remained
intact. In 1985 the DECIDE option was added to
the SELECT code, thus the name SELCIDE was derived
from the SELECT code with the DECIDE option added.
With SELECT it was possible to determine the
quality of release water given the location of
outlet ports and the headwater profile. The
DECIDE option allows the user to specify an objec-
tive value and the model will determine which
ports to open and the relative flow distribution
between them. The SELCIDE model can still be used
in the SELECT mode by omitting from the input file
the specific lines which initiate the DECIDE
option.

PROJECT APPLICATIONS

An effort is made herein to present examples
of the application of SELCIDE to projects in the
Nashville District. These examples represent 23
wide range of projects in terms of their size and
complexity. Individual applications were selected
to demonstrate the flexibility of +the SELCIOE
model. As will be noted later only one of the
examples involves the DECIDE option. This is due
tn the fact that only one Nashville District proj-
ect has selective withdrawal capability.

Bay Springs Lock And Dam

Bay Springs Lake is the northernmost im-
poundment on the Tennessee-Tombigbee Waterway.
Bay Springs Lock and Dam was designed and built by
the Nashville District and is operated by the
Mobile District. wWater released from the lake can
originate from one of two sources: a low flow
diversion channel used during prolonged periods of
Zero or limited lockages to augment downstream
flows and release from the 25.h m (B4 ft) Tift
Tock, Bay Springs Lock and Dam has no facility *o
make spillway releases. Lake elevations are con-
trolled by Pickwick Lock and Dam on the Tennessee
Prver whose pool is connected to Bay Springs Lake
*hrough the 43.5 km (27 m1) Divide Cut channel,

Tt was recognized during the desiqn phase of
the project that owing to the long retention time
in Bay Springs Lake strong thermal stratification
patterns would develop. The intake for the lock 1s
Yocated near the bottom and release of water from
the lower layers of the lake would not meet down-
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stream water quality objectives. it was deter-
mined that a submerged weir located in the lock
approach would effectively skim the higher quality
watar from the upper layers of the lake.

dilhelms (1976) used SELECT to evaluate the
effects of different weir crest elevations and a
range of lockage rates on the temperature and
dissolved oxygen of lock releases. Results from
the model were compared with an objective tem-
perature band developed for Mackeys Creek under
pre-pro’ect conditions. The investigation found
that the objlective temperature band could not be
met all times of the year owing to a shortage of
cool oxygenated water during the summer. This
shortcoming was most evident for model runs simu-

lating low lockage rates. The project was
designed with the weir crest 6.1 m (20 ft) below
summer  pool. This location resulted 1in lock

release temperatures warmer than the objective
during certain times of the year; however, accep-
table dissolved oxygen conditions were maintained
during the entire simulation period.

Wolf Creek Dam

Wolf Creek Dam is located on the Cumberland
River in Russell County, Kentucky, 742 km (460.9
mi) ahbove 1its confluence with the Ohio River.
Lake Cumberland which is the impoundment formed by
Wolf (Creek Dam provides flood control for nearly
one-third of the Cumberland River Basin. Lake
Cumberland is characterized by a rocky shoreline
and a steep-sided channel where water depths
exceed 30 m (100 ft) some 97 km (60 mi) upstream
of the dam. Wolf Creek Dam was completed in 1950.

Lake Cumberland experiences an annual cycle
of thermal stratification which begins in late
March or April and usually persists until
December. At this point the lake is mixed and
remains mixed until stratification patterns again
develop in the spring. Releases from Lake
Cumberland are through six hydropower units whose
penstocks are located in the lower layers of the
lake. Outflow temperatures normally range from a
Tow of 6°C (43°F) in the winter to a high of 15°C
(59°F) in the early fall, Dissolved oxygen con-
centrations in project releases vary between 3
maximum of 12 mg/1 in March to a minimum of 5 mg/l
in Octaber. The assured release of cold water
with an acceptable oxygen content during the
warmer months has led to the development of a put-
3nd-take trout fishery 1n the Aolf Creek
tatlwater.

The Nashville District (1985) ts currently
evaluating *he possibility of increasing the
hydropower capabiiity of Wolf Creek Dam by either
uprating the six existing hydropower units or
adding an additional four units or a combination
of hoth, Water guality studies were performed to
ensure that the proposed project will have the
capabrlity to meet water gquality objectives.
These objectives include maintaining existing
water gquality conditions in Lake Cumberland,
meeting state water quality criteria in releases
from Wolf Creek Dam, and maintaining the wolf
Creek tailwater as coldwater habitat suttable for
a put-and-take trout fishery, If either the
seasonal operation or withdrawal 20ne at wWolf
Creek were significantly altered, both lake and
outflow water quality could be affected. Since
one of the fundamental assumptions of the overall
study was that the seasonal operation of the proj-
ect would not change, then the remaining concern
was any i1mpact on the withdrawal Zzone.

Potential impacts of the uprate and the new
powerhouse on the withdrawal pattern were eval.-
ated with SELCIDE, Although SELCIDE s net struc-
tured to handle the inclined penstocks found at
A01f (reek, a reasonable approximation of *he
withdrawal zone was computed by raising the cen-
terline elevation of the penstocks a few feet in
the input data. At Wolf Creek the centerline ele-
vation of the existing penstocks is 189,1 = {620
f¢). The effective centerline elevation, 190.,9 m
(626 ft), was determined through a4 trial and error
process which involved entering observed tempera-
ture profiles and manipulating centerline eleva-
tions until computed outflow temperatures agreed
with observed outflow temperatures. Stnce ‘he
size, elevation, and inclination of the penstocks
in the proposed powerhouse alternatives will pe
the same as the existing penstocks, the effective
centerline elevation will also be the same.

Once the outlet port characteristics were
established, SELCIDE was executed for typical tem-
perature and dissolved oxygen profiies for each
month under different flow conditions. Selected
flows which were modeled correspond to minimum 2nd
maximum flows for the existing powerhouse, the
existing powerhouse with uprated units, and for
the maximum proposed power plant expansion. Owing
to the proximity of the proposed powerhouse to the
left bank, which is perpendicular to the dam,
there was concern that the withdrawal zone would
be significantly altered due to the restricted
angle of withdrawal. This was accounted for by
specifying an angle of withdrawal of 90 in the
input data for the new powerhoguse.

Discharge distribution curves were generated
with SELCIDE for each combination of hydropower
capability and flow for the months of April,
August, and October, which were considered typical
spring, summer, and fall withdrawal patterns.
Since minimum flows under existing and proposed
conditions are virtually equal, computed with-
drawal zones for these conditions were Similar,
The greatest difference was for the proposed new
powerhouse, where the restricted angle of with-
drawal tended to expand the wi*hdrawal zone some-
what, Under maximum flows *he withdrawal 2zone
always extends from surface to bottom ang *he
shapes for the three hydropower configurat-ons
were very similar. Changes 1n the wr*hdrawal! cne
of *he magnitude found in *this study would have
only Tinor effects on water qual'ty. S'nce *he
proposed project will not sygnifrcantly change
either the seasonal operation or withdrawal! pa*-
tern, there will be no sigmificant changes ‘o
water quality conditions in Lake Cumberland or the
outflows from Wol€ Creek Dam,

Md Hickory Lock And Dam

21d Hickory Lock and Dam 15 3 ~"ain-stem
project located on the Cumberland River -,st
upstream of Nashville, The 014 Hickory »rocect
provides a limited amount of flood control n
addition to its hydroelectric and naviqatron bene-
faits, The 0)d Hickory poo! extends upstream
nearly 160 km (17C m1) to the po'nt where 1% Backs
up to Cordel!l Hu'l Lock and Dam. Stratrfrcat on
normally persists 1n Nl'd Hickory dur'ng the rer:=d
June through December, however, 1t 15 generally
Ttmited *0 the lower third of the lake. The 'd
Hickory tailwater has been recognized as *he cri-
tical point on the Cumberland River ma'n-stem 1n
terms of maintarning acceptable d'ssolved oxygen
conditions.

Sneed
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Cxperience has shown *tnat as long as ‘the
dissolved oxygen concertration 1n 0'd Hickory
releases 1s abave the state standard of 5.0 mg?!
the downstream reaches of the river will maintain
or 1ncrease this level. The dissclved oxygen of
J1d Hrceory outflows is dependent on the residence
time in the lake which in turn 1s dependent on how
the upstream storage projects are operated. In
order to model the effects of project operations
on Old Hickory releases 1t was necessary to be
able to predict release water quality for given
Take conditions. A withdrawal zone study was per-
formed using SELCIDE. The objectives of the study
were to define the withdrawal zone of the lake for
1nstantaneous flows, simulate outflow conditions
from both power and spillway releases, and estabe
T1sh the effective withdrawal zone for predicted
average daily flows.

The ability of SELCIDE to accurately predict
outflow conditions for 2 relatively shallow main-
stem project had not previously been tested in the
Nashville District. Hydraulically, SELCIDE treats
ports as point sinks; therefore, port dimensions
are not used in the model's computations. The
oort dimensions are used to perform an internal
check cn the validity of the point sink assump-
tion, This check 1s based on a ratio of the
thickness of the theoretical withdrawal zone to
the vertical dimension of the port. For the case
of 21d Hickory, while the vertical dimension is
approximately 10 m (33 ft) and the lake is only
about 23 m (75 f:) deep at the dam the point sink
assumption was aot violated. A minor program
modification was required %0 compute the theoreti-
cal withdrawal zorne limits,

SELCIDE was able to closely reproduce
observed outflow temperature and dissolved oxygen
values. Under all conditions, including when the
lake was destratified, the upper and lower withe-
drawal zone limits extended from the surface %o
+ne like bottom, When Old Hickory goes from one
©2 two unmits power generation significantly more
water (s withdrawn from the upper layers of the
Take and consequently a lesser percentage s
w thdrawn from the Tower layers. The withdrawal
zone flattens oSut when power jeneration goes from
w0 t72 three 4nts and 15 reflected in a more uni-
€orm w'thdrawal 20ne *hroughout the water column,
“rere are on'y minor di1fferences in the withdrawal
2ane when 13 <iceory goes from three to the maxi-
~.m 2f four Ln'ts Dower generation, Spillway
reledses were ~ndeled by ‘treating the spillway
3a%es whicn at J1d Hickory dre tainter gates and
nave a crest elevation some 1.9 m [39 fr) below
narmal pool 3s 3 second pert vertically separated
from *hose used for power generation,

-

Martng Fork Jam

Mareins tgre Jam s Jocated on Marting Fork
appraximately 16 «m 10 M) south of the City cof
=arlan, rentucky. Martins Fork, (lover Fork, and
aor fork come tagether near Marlan and form the
neadwaters of the Zumber'and River. The Marting
Fork project 1s smigue *o the Nashvaille District
‘noMany  ways. n addrtion o0 being *he on'y
Nashviile Drstrict project wtth selective with-
drawal capabrlity 1t is the smallest project, the
anly project without hyaropower, and the only
oroject with guthorized water gjuality benefits,
“"he Martins Fork project 'S operated o meet down-
stream water guality objectives. A gquaranteed
instantaneous mintmum release of 0.14 cms (5 c¢fs)
is made from the project. During certain times of
the year the project may operate at the minimum

N ’_’:, ‘i o

R "‘t”’g"" e "“f‘? Ay ‘t"’..‘%; WHETEN A h
N oy A - [ Dad B

Al Al AL o a4

release for periads of severa! weeks.

An ob.ective temperature hand was developed
from data collected priar %0 constructron of
Martins fork Jam. The ;proect 15 now operated o
reproduce this objective *emperature band as long
as acceptable dissolved oxygen conditions are
maintained. The selective withdrawal system at
Martins Fork consists of three gated conduits
located at discrete elevations on the face of the
dam. There are bypass lines associated with each
gate for passing low flows.

The operation of the selective withdrawal
system at Martins Fork is monitored on a daily
basis with SELCIDE. A Water quality monitoring
system was incorporated into the design of the
project. The monitoring system consists of four
monitor intakes located at discrete elevations on
*he face of the dam. Information collected from
these monitors 1is transmitted through the GOES
satellite system to the Harris 1000 computer in
the Nashville Reservoir Control Center. A program
is then activated that pulls the objective tem-
perature from a file, integrates the monitor data,
and executes SELCIDE. The output from SELCIDE
gives the flow distribution from the three ports
needed to meet the objective temperature, This
entire process is accomplished without input from
the user. There is a GOES water quality monitor
Tocated a short distance downstream of the dam
that is used to check the effectiveness of gate
settings.

CONCLUSIONS

SELCIDE and its predecessor SELECT have been
successfully applied to a wide range of projects in
the Nashville District. These projects include
tributary storage projects, main-stem navigation
orojects, a navigation lock, and a project with
selective withdrawal. SELCIDE has been used to
define the withdrawal zone in lakes, assess the
impact of changes in project operation on the
withdrawal zone, and to predict the quality of
releases for both existing and future conditions.
Nutflow conditions predicted by SELCIDE compare
well with field data. Typically, predicted tem-
peratures are within 0.3°C (0.5°F) of observed
valties, although differences exceeding 1.0°C
(1.8°F) have been observed. Differences be'ween
predicted and observed d'ssolved oxygen values
tend to be somewhat greater, This can be ex-
plained in pdart by the differing turbine regera-
t1on  characteristics  found among Corps of
Engineers projects. These differences range up ‘o
about 1.5 mg/l, however differences of 0.5 mg/]
are more the norm,
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SYSTEM SPILL ALLOCATION FOR THE CONTROL OF 2ISSOL.ED GA
SATURATION ON THE COLUMBIA RIVER

30lyvong Tanovan, PhO, P.E.°

Chief, Water Quality Section, North Pacific Division
Portland, Oregon

ABSTRACT Spill 1s not an effigrent jse o aater  De-
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deflectors ir the spillway-stilling basin, trans-
fering power loads to hi?h-dissolved gas producing
dams, and altering spill patterns at individual
projects, to minimize N, mass entrainment; and (d)
collecting and transpgrting juvenile saimonids
around the supersaturated river reaches, to avoid
exposure to dissolved gas.

oy The general area of spill {and load) transfer
N is attractive because it involves no costly struc-
:.u' tural modifications and can be based on a rela-
N ively simple monitoring network. The GASSPIL
:,'-;’ model has been developed within this framework as
,n‘c a management tool to predict the power and dis-

solved gas impacts of the spill-for-fish passage
and spill priority lists and, if necessary, to

e suggest other acceptable alternate spill sched-
1 les. Y, Figure 4. Model
7 u o
.3‘ Representation of
": SPILLWAY-STILLING BASIN AND RESERVOIR SUBMOQDELS Spillway-Stilling Basin
K]
’v:!: The conceptual representation of the .
AN spillway-stilling basin combination and the reser- Time dependent data
voir used in GASSPIL is the same as that origin- 1. total hydraulic discharge at the project
ally used by Water Resources Engineers, Inc. 2. spillway discharge
N (1971} in the N, Gas Model for the Columbia River 3. forebay water surface elevation
v they developed fgr the Corps (See Figure 4 and 4. taﬂwatgr water elevation in the still-
:':r 5). The spill is assumed to be uniform over the ing basin
N entire width of the spillway, and the reservoir is 5. number of spillway gates open
Ja treated as slow moving stream fully mixed in its 6. forebay N, concentration, and
e vertical and transverse dimensions -- a condition 7. forebay wgter temperature
R that fits the low-head, run-of-river type dams and
v reservoirs found in the lower Snake and Columbia
system. Simulation of the complete system is ac-
Y complished through successive application of the
L spillway-stilling basin and reservoir submodels,
s ) . A . T
”%p as each dam and reservoir set is considered to be- STILLING BASIN
v have as if it were functionally independent of all
e cther dam and reservoir sets of the system.
T
«
L Mathematically, the stilling basin concentra-
’ tion is expressed as a function of saturation
concentration, forebay concentration, discharge
. per foot along the spillway crest, length of the
o stilling basin and entrainment coefficient. In the
'\!,‘, reservoir submodel, N, concentration in a given CONCEPTUAL REPRESENTATION
ek segment of the reservofr depends on time interval TYPICAL RESERVOIR SEGMENT
*.0,“ and rate of concentration change due to internal
:'.ﬁ'; and external advection, air-water interface and
‘.«". instream eddy diffusion processes. Data require-
o ments including the following:
8y Spillway-Stilling Basin
g
"e:Q' Time independent data
a‘a.‘ 1. length of stilling basin
a0 2. elevation of the stilling basin floor
'1.&‘ 3. average spillway gate width
::e,\ 4. specific gravity of air-water mixture,
and
5. two empirical coefficients describing N2
oAl exchange in the stilling basin.
,J!oa'- Figure 5. Model Representation of
.‘Qa‘, the Reservoir System
s
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Reservoir Simulation

Time independent data

1. total reservoir length

2. volume-stage relationship for the res-
ervoir

3. reservoir's effective bottom elevation
at its upstream and downstream bound-
aries

4. ratio of top to bottom width for the
assumed reservoir trapezoidal cross-
section

5. system parameter relating effective
water surface area to the planar pro-
jection of the reservoir's surface
area, and

6. thmllowidealszmfﬂein the
reservoir

Time dependent data

1. total reservoir inflow

2. total reservoir outflow

3. water surface elevation at the upstream
and downstream boundaries of the reser-
voir

4. average water temperature in the
reservoir, and

5. concentration of N, entering the reser-
voir by upstream i%f]ow.

The two submodels were modified by OTT Water
Engineers, wunder contract to the Corps of
Engineers, to allow for simulation/optimization
starting with any dams and/or reservoirs in the
system, in case the model user is only interested
in a given reach of the stream. They can now
operate in both historical and forecast modes
using, as the case may be, either known input ex-
tracted directly from a real-time data base or ar-
tificial data corresponding to an expected
hydraulic condition and a tentative spill
schedule. In this manner, simulation runs are made
possible to answer a wide range of "what if" ques-
tions of interest.

GENERAL APPROACH TQO SYSTEM SPILL OPTIMIZATION

Given a fixed total discharge past each pro-
ject in each time interval, the goal of the optim-
ization 1is to distribute spill among the dams so
as to minimize dissolved gas saturation while
meeting a pre-specified total system power produc-
tion for the same time interval.

A typical relationship between spill and the
mass of N, entrained at each dam is shown in
Figure 6,° in which the quantity of spill is varied
while all other variables (forebay and tailwater
surface elevations, water temperature, and forebay
N, concentration) are held constant. This
rglationship va~-ies from one project to another,
depending on the design of the dam's stilling
basin and the way the spillway gates are brought
into operation. It may sometimes have a saw tooth
appearance when the resulting changes in hydraulic
conditions are rather abrupt.

(¥
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e
35&{2
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Figure 6. NZ Entrainment versus Spill

Discontinuity in the functional relationship
between spill and mass of N2 entrained at some
projects precludes the use“of standard optimiza-
tion methods such as linear programming. Further-
more, simulation is performed one project at a
time and all time steps must be compieted at that
project before proceeding to the next downstream
project. This is tantamount to assuming that N
concentrations in each time interval ari
independent. Therefore, since adjustment or
redistribution of spill in any time interval at
one project can produce adverse changes in N, con-
centration in later time intervals at downétream
projects, the optimization amounts to the mini-
mization of the maximum of the dissolved N
saturation levels at the head of each reservoia
pool in each time intervai. There is no direct ac-
count for time delay and decay function between
the upper and the lower ends of the pool.

The system power demand used to drive the op-
timization can be specified in one of two ways.
Power demand can be inferred from the hydraulic
data input, assuming that the flow available for
power production is the total flow less spill and
less diversion, and using data relating discharge
and head to power generation stored for each
project in the model. Power demand can also be
specified directly to the mndel as a separate
input. For time steps shorter than a day, load
curves giving hourly and daily power demand pat-
terns are used to convert daily power demands into
the required hourly values. Spill amount 1is ad-
Justed so that system-wide power production
matches demand. [f power production does not match
demand, then power production 1is increased or
decreased at the various projects on a priority
basis, the priority being another pre-specified
input.
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The first step of the optimization is to When a redistribution of spill has been
identify a single target project at which N successful, the original spills stored in a tem-
entrainment {and, hence, concentration) caused bg porary work array are updated for use in future
the spill determined earlier is to be reduced. The iterations of an optimization rui. This also
project choosen is either (1) that with the provides the user with protection against inadver-
highest level of saturation at which N, is being tent computer failure during long optimization
entrained, or (2) as specified in a spi\? priority runs and the option of further refining the system
list. The mass entrainment versus spill relation- operation based on information from a previous
ship for the selected project is used to estimate run.
the change in spill required to reduce N, satura-
tion to the target level, at the targe% project. A sample summary output illustrating an op-
In all cases, the change in spill is constrained timization run with four iterations for 9 one-day
to a maximum of 50 percent of the flow to avoid time intervals and a limited six-dam system is
unduly lTarge spill variations. provided in Table 1. It can be seen that even with

four iterations, significant reductions 1in dis-

Reduction (increase) of spill at any project solved gas saturation levels have been achieved,
must be compensated by corresponding increase particularly at John Day and The Dalles Dams. The
(decrease) in power generation flows since the to- lack of change at Priest Rapdis Dam and Ice Harbor
tal flow past each project in each computational is largely the result of the high N, concentration
interval 1is fixed. The increase in power produc- originally specified for the upgtream boundary
tion brought about by a decrease in spill at the conditions.

target project is thus computed. To maintain con-
stant system-wide power production for that time
step, there must be a decrease in power production
(increase in spill) at other projects in the
system.

Redistribution of excess power capability is
carried out by assigning additional spill (red-
uction in power production) at projects with N
saturation below target. Spill is increased unti?
the excess power production is eliminated. If the
increase in spill results in N, saturation above
the target saturation, then the redistribution of
spill is considered to be unsuccessful. In this
case, the process of reducing N, saturation at a
selected target and redistribating spill among
other projects is repeated but with a smaller
reduction in the N2 levels at the target project.

Table 1. Summary Results of GASSPIL Run:
N2 % Concentration Below The Projects

Projects Time Steps (day)

1 2 3 6 7 8 9

Priest Rapids 118.8 124.5 121.5 118.2 118.1 118.7 122.6 119.7 120.1
118.8 124.5 121.3 118.2 118.1 118.7 122.6 119.7 120.1

Ice Harbor 115.4  112.8 114.5 125.4 130.2 129.9 128.9 128.8 128.8
115.4 114.5 114.6 124.3 128.9 128.6 128.1 128.3 128.2

McNary 116.9 117.0 113.8 111.6 112.2 113.2 118.1 118.6 120.6
116.9 117.0 116.1 113.6 112.6 113.3 117.8 118.3 120.2

John Day 125.0 126.1 126.7 125.6 124.2 124.3 123.5 121.5 121.5
117.2 118.2 116.8 121.4 124.2 120.4 121.5 120.1 122.5

The Dalles 113.5 122.4 120.6 121.8 122.1 120.4 123.4 119.3 119.8
112.4 115.7 113.1 113.9 118.5 120.2 123.4 117.7 118.5

Bonneville 118.7 118.9 117.5 120.8 120.5 123.3 124.1 122.1 123.5
116.0 116.8 116.4 116.1 115.8 118.0 121.3 120.3 121.3

NOTE: The first line numbers are N, concentrations (as a percentage of the saturation
concentration) below the spegified project at the start of the optimization. The
second line numbers are the corresponding numbers at the end of the 4th optimi-
zation,
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APPLICATION OF GASSPIL MODEL

The following sequence of events that oc-
curred 1in 1986 is given to illustrate the various
steps involved in actual spill scheduling and
GASSPIL model application. Assume today is Monday
April 14, 1986.

(1) Inflow forecasts have been issued for the
following week of April 15 - April 21 for fGrand
Coulee on the Columbia River and Lower Granite on
the Snake River, as well as for the tributaries
downstream from those two dams. As a result, in-
flows to all reservoirs in the system were assumed
known for the next seven days.

(2) Based on their best forecast of power
loads, the staff of the Bonneville Power Ad-
ministration (BPA) planned the schedule of hydro-
system generation operations for the week of April
15-21, 1986. They looked at the inflow forecasts
and computed the potential power output for the
system. They realized they were not going to be

able to use all that power for every hour of the
day, every day of the week, especially during the
night hours of the week-days and for the most hours

during the week-end. The resulting surplus power,

SMW, was computed based on the difference between
the power generation potential, PMW, and the
forecasted load,PLOAD.

(3) Enter the anadromous fish. As prescribed
by the Power Planning Council, the Corps has
agreed to spill at several dams to achieve a 90
percent fish survival at all but one of its lower
eight Columbia/Snake River dams. Specific spill
requirements to meet the Council's objective had
been worked out in the winter of 1986 in col-
Taboration with all agencies concerned. Details of
the Corps' 1986 Juvenile Fish Passage Plan are
summarized in Table 2.

Table 2. Summary of the 1986 Corps Spill Plan

1. Bonneville: Optional spill only. No sooner than date of 10%
fish passage and for as long as spill is requ-
ired at The Dalles. Limit operations of the
second powerhouse as specified below.

8pm-6am: Shut down the second powerhouse. Un-

d Timited spill when flows exceed 120 kcfs.
Py 6am-8pm:  Second powerhouse may be activated if
g, needed to limit spill to 75 kcfs or for fishery
H research.
k
Flow 1st pwh  2nd pwh  spillway
0<Q¢120 q - -
K 120<Q<195 120 - Q-120
1 195¢Q<325 120 Q-195 75
1 325¢Q 120 130 Q-250
y
¥ 2. The Dalles: 3.6 to 4 kcfs through sluiceway, 16hr/daytime
o during juvenile fish passage season. In add-
. ition, between ¢0% fish passage date (typically
between Apr 15 - Jun 11 for spring run, and Jun
15 - Aug 21 for summer run) and Aug 15: as soon
. as 30,000 yearling (or subyearling) have passed
‘ John Day, spill 10% of instantaneous Q between
;. 6pm-6am. This will protect 80% of the fish run.
o 3. John Day: Between dates of 80% of summer run juvenile
‘ fish passage (typically between Jun 7 - Aug 21)
* and Aug 15 (or when less than 30,000 fish for
three consecutive days, or when 90% fish have
R passed the project): spill 36% instantaneous Q
4 between 6pm and 6am.
\‘ 4. McNary: No requirement (optional spill only).
[)
N
- 5. 1Ice Harbor: Use 2.7 kcfs through sluiceway 24 hours/day
f during fish migration season.
p
t
¢
't
)
¥
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(4) The fishery agencies and Tribes had been
requesting spill-for-fish passage 1list almost
every week to sepcify their recommended levels of
spill at the projects. For the forthcoming week,
their spill-for-fish passage was as summarized in
Table 3, based on fish movement in the area.

Table 3. Requested Spill-For-Fish Passage
April 14, 1986

Lower Monumental: Starting April 15, spill 31% of
daily average flow between 6pm-

6am.

Ice Harbor: Starting April 18, spill 317 of
daily average flow between 6pm-
6am.

The agencies and Tribes recognized that the
spill Tlevels in Table 3 exceed those assumed
necessary to obtain the 90 percent survival objec-
tive established by the Northwest Power Planning
Council. However, whenever there is a surplus of
federal firm power, or when federal non-firm
exists, they routinely request that the Corps make
every effort to provide more generous spill.

A few days earlier, on April 10, the agencies
and Tribes have already submitted a spill priority
list for distribution of surplus spill. That list
(See Table 4), also based on natural and hatchery
fish movement, was still in effect at this time.
It was to be implemented only after spill-for-fish
passage levels have been satisfied.

Table 4. Spill Priority List
April 10, 1986

Priority Dams Spill Limits

1 Lower Monumental  50% Q

2 Ice Harbor 50% Q

3 John Day 50% Q

q The Dalies 50% @

5 Bonneville 75 kcfs (daytime)

no limit (night-time)

6 The Dalles no limit

7 Lower Monumental no limit

8 Ice Harbor no limit

9 McNary 50% Q

10 Lower Granite 50% Q

11 Little Goose 50% Q

(5} The Reservoir Control Center's staff, in
the North Pacific Division's Water Management
Branch, reviewed the agencies' recommended spill
levels and priorities in the light of other opera-
tional constraints. Final decisions had to account
for these recommendations, the Corps committed
spill percent, dissolved gas saturation, flood
control requirements, size of migrating fish runs,
etc.

A few potential problems surfaced because the
agencies' recommended spill for fish passage levels
exceeded the Corps’ commitment; these spill
levels could also generate inadmissible dissolved
gas saturation levels. Likewise, the spill
priority list needed to be checked as to its prac-
ticability and system impacts on power and dis-
solved gas.

The basis for decision-making included best
predictions on the 1mpacts of the proposed spill
schedules, using analytical tool!s such as the
GASSPIL Mode! and other means to determine how
much the spill should be at the dams desired to
help fish migration.

The needed input for GASSPIL runs to provide
these predictions included:

a. Initial TDG percent at the forebays of
all dams (at time T=1).

b. Inflows at each dam for every time step
of the week long study period.

c. Predicted forebay and tailwater eleva-
tions at all projects. These were as-
sumed approximately constant during the
study period since run-of-the-river dams
basicaily pass all inflow and, there-
fore, sustain no storage change.

d. Daily load projections in MW for T=1 to
T=7. Hourly loads for each hour and each
day of the week will be computed by the
model using the built-in toad shapes.
They will be used as Toad requirement in
the optimization.

e. Minimum spill percent at each dam.

f. Spill priority 1ist, for use in control-
ling the sequence of the model optimiza-
tion and specifying the maximum spill
levels.

The model output first included a summary
condition reflecting the input, especially the
flows, loads, surplus spill amounts, spill-for-
fish passage and spill priority lists, and the
power generation potential. At the end of each op-
timization iteration, a 1list of maximum dissolved
gas saturation Tlevels reached 1in each pool with
date and time of their occurrence, and the spill
at each dam was given. When the run was completed,
the series of standard outputs developed by the
original model for the dams and the reservoirs
followed. Also, the spill amount (in percent of
the project total discharge) for each dam was
provided, along with the maximum dissolved gas
saturation levels.

(6) Based on all the information developed
above and foliowing consultation with BPA and the
Corps staff biologists, appropriate spill sched-
ules were finalized. As it turned out, the Reser-
voir Control Center decided in this case not to
implement the agencies' recommended spill-for-
fish-passage levels, leaving them at the Corps-
committed spill levels. [t also modified the spill
priority 1list to put spill at Chief Josepn and
Grand Coulee prior to spilling at McNary and Lower
Granite, which have fish transportation facil-
ities. The agencies and Tribes were informed of
these decisions, and necessary instructions sub-
sequently teletyped to the projects for
implementation.
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CONCLUSION

The North Pacific Division of the Corps of
Engineers has direct responsibility for effi-
ciently managing the water resources of the Colum-
b1a River basin, including the task of ensuring
that spill at its dams does not generate dissolved
saturation levels in excess of existing state and
federal standards. The multi-purpose, often
conflicting, nature of the water wuses in this
region makes water resources allocation a real,
day-to-day challenge. A model such as GASSPIL that
can Qquickly predict the dissolved gas saturation
and system power impacts of the fishery agencies
and indian Tribes’ spill-for-fish passage requests
and spill priority lists {or other alternate spil

schedules) is a very useful management tool. [t
provides a better understanding of how the (Colum-
bia System works and furmishes the basic Jus-
tifications needed to support a Corps spill
schedule that may be different from that requested
by the agencies. Efforts will continue to be made
to refine the model to make 1t an even better tool
for operational use.
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SIMULTANEOUS MULTIPLE-LEVEL WITHDRAWAL THROUGH
SINGLE WET WELL STRUCTURES FOR DOWNSTREAM WATER QUALITY MAINTENANCE

Stacy E. Houington‘

‘Researrh Hydra.lic Englneer, Waterways Experiment Station, Vicksburg, MS

ABSTRACT

Te concept of selectively withdrawing from
multiple levels s3imuitineously in a stratified
reservoir is presented and {r3 usefulness dJis-
~w3sed. The prozlem of predieting the flow
1.3Lribution Detween the witndrawal levels under
vari0.s operating conditions is outlined. A brief
rneory from previnus wor« is expanded ro increase
the applir~adbility »f the technology. The applica-
tion of tne expanied tneory {3 shown and the
resLits are compared T0 oShserved data,

3ACKGROUND

fnermal stratification is a common occurrence
in many lakes and reservoirs, especially duriag
rhe warmer montns when Laflows and outflows are
generally low, heat influx s high, and other
olimati~ components such a3 wind are favorable for
stratifiecation Jevelopment and maintenance.
Density stratification accompanies the thermal
stratification d.e to the physical properties of
water, An increase in temperature results in a
decrease in density for water above 4° .,
Therefore, the s.rface waters in a reservoir
iccepring heat from soiar radiatjon and the
atmosphere become lighter and tend to remaln 3t
rhe su~fiace. Zonversely, the bottom waters do not
receive as m.rh neat and therefore remain more
dense. Density stratifiration limits the vertical
movement. ~f  water wWwitnin the reservoir since
idditionil energy i3 required to overcome Duoyant
fareces,  This limiting of vertical motion may also
~a1.8e  onemi~3il  stranification 33 the mixing
netween layers i3 reduced and the hypolimnetic
witer no longer exohinges Wwitn the surface,

Tne effects of density stratification, the
limirted vertiril movement of the water, may bUe
.sed in 31 positive manner, A specific quality of
“ater might He selected from the vertical variety
of gqualivies and released, while nct withdrawing
from rhe entire vertical range i{n the pool. This
rechnijue, whish (3 very common in release water
Jualivy miaint.enance, {s “«nown as selentive
wlitndrawal.

Somet imes, Sne vertiral level of withdrawal
from 3 3tratifiel pool (3 adequate, bul often two
Jr more leve.s are needed. Thig situation may
arise when single-level nperation ~annot wWwithdraw
the lesired 5.a.ify and gquantifty of water, [radi-
tinnajly, 3iT.itanen.s tultiple-ievel withdrawil
nas neen 1~cnmpliined through the use S dual wet
“®L1 Surlet structures.  In these rases, one level
f witndrawia: ‘s sejected in e3a~h wet well, and
the t4n 7.aliti{es are mixed in the release conduirn
and stiiltng htisin downgtream of rthe (ndividual
wet we ] 3ervire Zites,

Jual wet well type operatiors, however, are
not always possible. In recent years, the addi-
tinn of hydropower to existing outlet structures
has become an attractive source of energy. In
many cases, this process invoives the transfer of
flow ¢co “rol from the service gates to the turbine
lownstream. To continue multiple-level operations
as before would require the mixing of water from
myltiple withdrawal levels upstream of a single
point of flow contrnl, For the purpose of this
publication, this process will be referred to as
blending. The cifficulty assocjated with blending
{s that tne amount of flow witndrawn from each
level {3 not strictly contralled and can oe
influenced by the density stratification {n the
pool. The selective withdrawal characteristics »f
the structure will not be altered, nnly the amount
of flow whicn is withdrawn through each port,

Another situatinn {n which blending can occur
is multiple-level withdrawal in a single wet well
Structure, Single wet well structures have Deen
employed in some cases for economic reasons or in
situatinns where individual flow control on each
potentfal simultaneous level »of withirawal is not
feasible. These situations include selective
withdrawal addition to exi{sting hydropower facili-
ties and the use of greater than two levels of
3imultaneous withdrawal in a 3ingle wet well.

Blending operations may even be desired at
dual wet weil projects Wwith separate flow controls
on  each well to Rgain additinnal flexibility.
Potentially, more flow could be passed through the
water quality system (avoiding use ~f the flood-
contrnl outlet for some discharges) if more than
two ports were used. Also, additional capabiiity
might be gained 1itn meeting downstream quality
objectives by wusing more than one level of
withdrawal {n each of the individual wet wells.

THEORY

Single wet well blending can be appronached
from an analytical standpoint as seen in Howington
(1986). Consider the simple case {a Figure la.
This is a single wet well atructure with twn ports
open. The density stratificatinn {3 perfectiy twn
layer represented by p and p+ip . One oapen port
resides {n each of the twn homogenenus layers.
The same pattern nf density stratification exists
in the wet well as in the pool, The outlet from
the wet well {3 located at the battom »f the
3tructure. Figure 1la. represents the "“no-flow"
conditinn.

When a3 small 1tischarge {3 {nitiated from tne
structure, the system will respond bdy withdrawing
the tontal d{scharge through the I(awer port as
shown in F{gure 1b. This i3 4ue to the bunyancy
effects of the ponl density stratification, The
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Figure 1a. No discharge

Figure 1b. Small discharge

(4 R ]

Figure tc, Critical discharge

Figure 1d.

Blending

Figure 1. A single wet well system responding
theoretically to increasing discharge

lighter surface water s buoyed up by the more
dense bottom water. More work would be required
to pull the lighter water down tnan to withdraw
the entire amount through the lower port. The
thermocline (which is also the pycnocline) will be
depressed in the wet well until an equilibrium has
been reached. Tha drop of the thermocline in the
wet well is a reflection of the energy loss as
flow enters the lower port. This small discharge
will induce only enough flow through the upper
port to fill the vold created by the receding
thermocline, At thi{s equilibrium conditlon, no
flow from the upper port will be released from the
system. The water-surface elevation in the wet
well will be the same as the reservoir pool eleva-
tion. This situation {s referred to as density
blockage since the density effects prevent flow
through the upper port. This phenoamenon has been
observed in a laboratory environment using an
approximately two-layer stratification with the
upper layer dyed.

As the total discharge s increased, so is
the energy loss across the lower port, and the
thermocline in the wet well {s further lowered.
This trend obviously cannot continue beyond the
point where the thermocline reaches the elevation
of the lower port without inducing flow from the
upper port. This critical equilibrium point, seen
in Figure 1c, is termed incipient dlending and the
assoclated discharge is termed critical dis-
charge. At this equilibrium point, the potential
energy associated with the stratification is
exactly offset by the energy lost by the flow
entering the lower port,

As the discharge {s further {ncreased,
blending occurs with some amount of flow coming
through each of the two port elevations (Figure
1d). However, density stratification still plays
an important role in downstreas quality
maintenance since it affects the flow distribution
between the port elevations,

To describe the processes involved in blend-
ing, the Bernoulll equation, as seen in Brater and
King (1976), 1s employed. For flows less than or
equal to critlcal discharge, the Bernoulli equa-
tion can be written from a point in the pool
(point B in Figure 1c) to a point in the wet well
at the elevation of the lower port (point C). For
flows less than critical discharge, the equilib-
riumn elevation of the thermocline in the wet well
can be determined from this formulation. If the
thermocline |s established at the elevation of the
lower port, the critical discharge can be deter-

mined from the following application of the
Bernoullil equation:
2 2
PB . VB PC _VvC
ZB‘W‘F-ZC‘W'ZB'HLB_C (1)

- ]
HLp . = 85 * D

2.
L"Hlec

“

2g%A

(3)

where

2B, IC = elevation of points B and C
referenced to datum, m

PB, 2
WB, WC = specific weight at B and C, N/m3

VB, VC = velocity at B and C, m/sec

pressure at B and C, N/n
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gravitational acceleration, m/sec
HLB-C = head lost bdetween points B and C, m

Ap = density dlrrsrence between the
layers, kg/m

D = distance between the thermocline
and point B, m

Q. = the discharge at incipient blending,
m’/sec

A! = lower port area, m2
kl = head l08s coefficient across lower
port

For flows greater than critical discharge,
3ernoulli's eguation can ve written through each
port. Referring to Figure 14, Bernoulli's
equation can be written from point A, which is at
the elevation of the upper port, to point C and
from point B %o point C. Given tnis, and using
Equation 1, the ratio of flows between the ports
can be determined from the following:

2 2
PA VA - PC vC
ZA « WA - ﬁ— = IC + W + 8 + HLA'C (%)
HLA-C = AH (5)
HL * 9
» -
HL . 8p*D  _A-C (6)
B-C p+lp prlp

where
HLA-C = head 1033 between points A and C, @

AH = water-~surface drop in the wet well,
m

p = density of the upper layer, kg/m3

Equation 6 indicates that the head loss
across the lower port must always be greater than
the head loss across the upper port by
approximately the conatant amount of potential
energy associated with the particular density
stratifiecation.

To determine the flow distribution between
the ports, an iterative technique must be
employed., First, an estimate of the water-surface
drop in the wet well {3 made. This equals the
nead loss across the upper port. Equation 6 f{s
i3ed to determine the head loss across the lower
port. The «known relationship between head loss
and 1ischarge for each port r~an then be used %o
determine the {ndividual port flows, The two
flows are computed and summed, as seen in Equation
7, and compared to rthe known total discharge. The
estimate of upper port head loss {8 adjusted until
the summed discharges agree with the known total
discharge.

#ARHT g* *
2g* AL, . \/kg A *HLy
Q= . + k (7)

J4 L

where

wotal dischirge, m3/sec
2

O
(]

A = upper por% area, m

k, = head loss coefficient 3cross upper
port

A ve.y simiiar procedure can be followed for
rhe analysls of ©vlending {n 21 linearly or an
ardbiurarily stratified environment 131s seen ({n
Flgure 2. The only difference ar{ses in the

Figure 2, A nonlinear, non-two-layer
density stratification.

development of the density potential energy
term. Once again, Bernoulli's equation can be
written across the lower port for flows less than
or equal to critical discharge. At incipient
blending, Equation 8 resul%ts. For flows greater
than the critical discharge, the resulting formu-
lation 1s given in Equation 9. The discharges
through the individual ports ~an be determined
using the same general procedure 3as used before in
Equations 6 and 7.

-1 A
Mg = 5, " [ e(2) a2 (8)

where z = elevation referenced to datum, m.

HL *p
-1 A A-C "A
Hi, . = — * f plz) dz + ——— (9)
B-C °g B g
where
DB = densi%ty at point B, kg/m3
p(z) = densjity as a function of elevation,

Kg/m
p, = density at point A, kg/m3

A more meaningful representation of the
density potentiil energy term ran be seen in
Figure 3. The potential energy is computed by
vertically integrating the density of the water in
the pool between the “wo port elevitions. The
area Dbetween the reservoir density and the upper
port density and bDetween the two port elevations
(shaded in the figure) constitutes the density
potential energy term for this si%iation, Figure
3 represents the density effect for a two-port

- |
....... B

Wi

L W

ELEVATION, M
&

L]
@ 997 8 998 o 999 1 1 091

DENSITY, G/CC

Figure 3, Graphiral representatinn of the
denaity potent{al energy term.

Howingron

103

' N R AOIOOH AR AL AN T
.':“‘.‘.*t' AT .»‘w?c‘t‘:'l’:5°2t“tr?"# ‘J!’*;f"s?

k3




o~ e

: o

. -

configurazion with one port at elevation 30 m and
the other at elevition 70 m.

A more complex situation ecan levelop with the
simyltaneous operavion of more tnan %wo levels of
ports in 3 single wet well uJunder a s<riatified
condizion. This proolem can 1ilso be approached
using Bernoulli's eguation. In this si-uation, a
stratification pattern exists within the wet well
under blending conditions. This pattern {s caused
by the withdrawal of 3 potentiilly different
densi%y “hrough each of the open ports whi~h can
influence the flow distribution significantly.

The water-surfiace drop in tne wet well is
approximately equal %o the head 15ss 13cross the
ipper por-. I+ 13 13130 an unknown component in
the head loss terms {or every other port within
the single wet well. Only one water-surface drcp
exis=s which Wwill provide a3 flow Jisuribution
~onsistent with both %“he theory and continuivy.

The solytion method to determine the flow
distridbution {s i%erative and very similar to tha-
ised in the %wo-level analysis shown earlier, The
head loss iacross the highest open port (call this
port level 1), which approximately equals the
water-surface drop in the wet well, is estimated.
Then, the head loss 3across the next lower open
port {port level 2) is computed. From %“he theory,
~he nead loss across the lower port i3 known to be
approximately equal %o %he port level 1 head 1083
plus the energy 3issociated with the stratification
difference Dbetween the wet well and the pool
between por:t levels 1 and 2. The port level 3
{vhe next lower open port) head loss {3 equal <0
~he port level 2 head 1loss plus the density
potential energy between port levels 2 and 3.
This proress ron%inues until 13ll1 the losses are
Kknown, The individual flows are computed, summed
and compared to the known discharge. The water-
surface drop estimate {3 adjusted and the process
repeited. The equ3ation which is solved follows.
The head loss <erm in Equiation 10 includes <tne
1ensity povential energy assoriated with the
s.ranification difference between the wet well and
“fie pool betdeen withdriawal jevels n and n-1,

=z
o

el
[

wnere
NP = number of simul-anecus withdrawal
levels
2

>
[

area of port n opening, m

HL. = head loss across port n, m

x
0

head loss coefficient across port n

Jdnce the total discharge has been matched in
this i%eration, the [ndividual port flows are then
determined, as follows, knowing the port nead

ioss.
f2g'A5'HLn
Qn = —_— )

kn

where Gn i3 the discharge through port level n,
m-/sec.

The process desceribed In Equations 10 and 11
is theoretically applicable for any numder of
simultaneous withdrawal levels (including two)
within 3 single wet well with any stratiflcation
pattern {n the pool.
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ASSUMPTIUNS AND LIMITATIONS

In deve sping “ne preceling “nenry, severa)
1354MPTi0NS were ne~essary.

3. Bernoulll's ej.ition S 3appl:i-~atie.

b, No hydraulic dDilorxage exists.

w

~. Lo0sSses other tnan entrance [13se
are negligibdle.

d. The dens:~y of the wa%er in %ne ool 3%
the renter-line eleva<)an ~7 =ne porw .3
wne density <hat wilil 2e wi-niri«n
Lhrough wnat port.

e. Lower port velocity et mixing is
Jnimportant,

The Bernoulll equation nhas 3nome ass.umptinns
whi~n 3are 1nherent {n i<s formulazion. When *ne
equation is applied along s-reamlines, 13s = was
is this applicazion, the fluid flow must bLe
incompressible and steady., These assumptinns are
valid for %his application.

The existence of hydraulic blockage was
proposed as a potential prodlem in bJleriing. It
was proposed that hydraulic blnckage might theo-~
retically occur under stratified or unstratifieg
conditions when the velocity jet through tne lnwer
port conuld create a turbulent zone in the wet w2ll
which would be impassable by flow from the upper
port. Hydraulic b>lockage, to our knowledge, nas
not been observed in outlet structure operations.

Energy losses other than entrance losses are
assumed to be negligible. Entrance losses include
contraction and expansion losses aissorjiated with
flow from the pool, through the port, into the wet
well, and with velocity je%t impingement turbulence
in the wet well. The only losses which are being
neglected are those frictional losses encountered
by the flow as {- passes f{rom =he upper port
elevations downward through the we- well. In most
~3ses  these 1o0s3ses are minor, Mmaxing =his an
appropriate assumption.

Another assumption {s thiat -he densi-y of <he
water 3% the elevation of <he por- i3 thne density
of the water whi~h will be withdrawn tnrough %haw
intake. From selective withdrawial, it is «xnown
*hat <this {s generally, but not 1always, 1 good
agsumption, This potential prodlem ~ill De
accounted for once %the blending technology is
incorporated with selective withdrawal technology.

The las* assumption {3 that the <.rbulence
assonriated with the velocity entering the lower
port does not affect blending. This {s %r.e in
most situations, but the theoretlicilly computet
critvical dis~harge will be affected. The effec~ts
of this assumption ~3an be seen in Figure 4. The
theory assumes that %he thermocline i(n <he wet
well #ill drop %o the elevation of the liower port
undisturbed. However, the tarbulent mixing ~iused
by the lower port velo~ity Jjet will dreak .p %he
thermocline at some dis~harge whi°-n ;3 lower thian
the theoretircal ~ritiral Jdischarge, ind =neref re
induce a amall amount of fiow -“hrougn tne upper
port. The theore%iral c~{%inal Jdis~narge 3 a
conservative estimate of the amount of flow
necessary to overcome density Diorkage 3:in~e Lhe
actual ~ritiecal discharge is 3alW4ays iower.

Howington
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Figure 4. Turnulent mixing assn~ja%ned witn
The iower porv velocity el Tmpinging
on tne walls of tne wen well

RESULTS

Tne effects of densi-y ~an 2e :(l.us%rated Dy
Tigure S.  Tnis figure 3hows %wne flow tarougnh the
lower port of 3 two-part, single wet well
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Figure 5. Tne effects of lensiwy for
one stratification pavtern and port

3neurture in relatinn %o the %wotal dis~harge from
“he strycture for E single stratification
~ondi~ion. This figure was Jeveloped using two
porws of equal areas and constant, equal loss
~oefficients. The norizontal line labeled "no
stratification™ iniicates eg:al flow (50 percent
flow) between the two ports for tne homogeneous
densi{ty condition at all flow rates. The solid
~yrve represents operation in a density-stratifled
environment. The density effe~%s at any discharge
~an be 3geen 33 the distance between the 3o0lidq
nrurve and the equal-flow line sinr~e the curve
represents dens{-y 3-ratification and the equal-
f.ow line represents homogeneilty. At low fiows,
rhe denai<y impart is large wi-n density blocxige
orcurring. in the figure, denaity biorkage 13
represented by “he horizontal portion of the 3olld
~yrve wnich Ddeginas 1% zero dJischarge and extends
o tne theoretiral ari{vir~al discnarge, Qp-. wWhen
~he f{iow 3.rpasses {.,, {low tarough e apper
port degins and the Flow Lnrough “ne Lower pnrt
quloxly drops below 130 percen’..

A3 the <=n%al disrcharge (3 (n-~reased, ‘*ne
1mparts of density denrease and -he per~entige of
~he *%ota. flow passing ~hrough the lower port
drops. This ron%inues un%til “he ronstant efferts
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expected impact as well. The temperature of rthe
~eleases increased as the lower port was throttled
for constant discharge.

CONCLUSIONS

The theory for single wet well blending has
now been expanded to account for arbitrary
stratification patterns and for multiple (greater
than two) simultaneous levels of ports operating.
The limivrations of the theory appear to be
minor. Turbulence in the wet well does not
appreciably affect blending except in a very
limire1 range of discharges near eritical
discharge. The implications of this discrepancy
appear minor as well.

The theory applies well in all cases tested
thus far. These cases include 3 varjety of sizes
and types of intake structures. For those
situarions in which gJuantitative compari{sons are
possible, the theory {s accurately predicting flow
distributions Dbetween the port elevations. In
those <cases where only qualirative analyses are
p033iple, the trends of the observed data and the
rheory compare favorably. Further testing of the
theory i3 planned under an ongoing research
effort. Sir.ations are being sought in which the
rneory 1oes 31 less than adequa%e job of prediction
30 tnhat these 2an Dbe accounted for in the
formuianion,

Head loss is the driving mechanism for
blending. The generation of head loss by port
gate throttling adds a great deal of flexidility
to blending operations. However, creation of
increased head losses {3 contrary to hydropower
purposes and, under extreme conditions of port
throttling, head loss c¢an potentially become
significant. The result could be a3 situiation
which requires compromise between water quality
and hydropower interests. This would be most
licely to occur when the flow distribution desired
is predominantly through the upper port and tne
stravifiecation is strong., Port throttling shculd
be considered {n the design of new intike
structures or in the modification of old
structures i blending capadbility s needed.
Throttling of the gates {s not mandatory in
blending operations but is highly desirable from a
water quality management perspective.
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ABSTRACT

In 1983, the Portland District performed
experimental reservoir releases using one half of
the dual wet well selective withdrawal system at
Applegate Lake to evaluate the potential for
blending water in a 1 5§ m (5 ft) diameter single
wet well. The reservoir water located in the
epilimnion was approximately 18°C (65°F) and the
hypolimnion water, 27°m (9% ft) deeper in the
reservoir, was near 9°C (49°F). Successful water
temperature blending was achieved for two days with
a wide variety of gate opengng combina&ions, at the
test release flow of 14.2 m”/s (500 ft /s).

In 1986, an operational study was performed to
te§t single wet well mixing at 4.8 m /s (170
ft”'s). A constant water temperasure nsar the
target release temperature of 12.8°C (55°F) was
maintained for eight days. The reservoir ﬁ;ter
te%peratures at Jhe operating ports were 16 0
18°¢ (60° to 65°F) near the surface and 7° to 8°C
(44" to 46 F) near the bottom.

INTRODUCTION

Selective withdrawal systems provide the
capacity to remove water from one of a number of
different levels in a reservoir, or from a
combination of two levels, to utilize the best
quality water in a reservoir for discharge
downstream.

Conceptually, the intent of a selective
withdrawal system is to provide the flexibility to
choose better quality water for release compared to
a3 traditional fixed, low-level withdrawal system.
For instance, the temperature of water released
from a reservoir can be more closely controlled to
resemble natural temperatures using a selective
withdrawal system. Control of the temperature of
water being released, therefore, can have a
significant long-term effect on the biota of that
regulated stream.

The use of the dual wet well selective
withdrawal structure at the Portland District’'s
Applegate Lake has provided good control of release
water temperature. However, a few operating
conditions have occurred where water temperature
requests were greater than the dual wet well system
could provide. The Reservoir Regulation and Water
Quality Section has tested the capability of
blending water from two levels in one of the
Applegate Lake selective withdrawal wet welis for
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two different operating conditions.
WATERSHED DESCRIPTION

The Applegate River Basin is a subbasin of the
Rogue River, a coastal stream in southern Oregon
(Figure 1). The confluence of the two rivers is
approximately 8 kilometers (5 miles) west of Grants
Pass, at the upstream terminus of the 135 km (84
mi) portion of the Rogue River that is designated a
national "wild and scenic" river.

Applegate Lake is located on the Applegate
River, 74.5 km (46 mi) upstream of the Rogue River,
negr §he California-Oregon border. It is a 1.0l x
10° m~ (82,200 ac-ft) multiple-purpose project
authorized for flood control, irrigation, fish and
wildlife, recreation, and water quality enhancement
in the Applegate Valley.

"Wild end Scomc Miver”

PACIFIC OCEAN

Figure 1.

Project Location, Rogue River Basin,
Oregon

The project has a butterfly-shaped watershed
and controls the ra&nfall andzsnowmelt runoff from
approximately 580 km“ (225 mi") of the Applegate
River Basin. The headwaters of the Applegate Lake
watershed are at the heaviiy timbered crestline
along the Siskiyou Range of California and Oregon,
usually above 1,525 m (5,000 ft), National Geodetic
Vertical Datum (NGVD). Streams have steep
gradients varying from 4.2 to 6.3 m/km and flow
through narrow channels cut deeply into intrusive
rock.

The Applegate River Basin experiences mild,
wet winters and warm, dry summers. A predominately
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westerly flow of moist air from the Pacific Ocean
during the winter produces a large proportion of
snow at higher elevations and rain at lower
elevations (U. S. Army Engineers, 1983). Rare
summer rainstorms of short duration and small areal
coverage occur because of local convective activity
that develop as thunderstorms. The normal annual
precipitation is approximately 114.3 centimeters
(cm) or 4S5 inches, ranging from 76.2 cm (30 in) at
the project to nearly 152.4 cm (60 inj in the
headwaters where significant orographic lifting
occurs. Usually about 75 percent of the annual
precipitation occurs from November to March, and
less than 2 percent occurs during July and August.

Fall chinook and coho salmon, along with
steelhead trout, are the major anadromous fish that
utilize the Applegate River system. Resident
rainbow and cutthroat trout are other sport fish
present in the watershed. Before the construction
of Applegate Project, approximately 15,000 fall
chinook spawned annually in the mainstem Applegate
River. Also, approximately 5,000 coho salmon
spawned annually in tributary streams.
Additionally, about 10,000 steelhead trout utilized
both the mainstem and tributaries of the Applegate
River for spawning before the dam was built (Fish
and Wildlife Service, 1961). Rainbow trout are
stocked annually in the watershed.

In the recent past, the aquatic habitat of the
drainage basin was affected by significant water
diversions for irrigation. Low flow and
concomitant increases in water temperature were
considered harmful to the fish. Consequently, the
Applegate Dam was designed with a multiple level
withdrawal structure to provide better quality
outflow.

DESCRIPTION OF THE SELECTIVE WITHDRAWAL STRUCTURE

Applegate Dam was constructed with a dual wet
well selective withdrawal structure capable of
removing water from six different levels in the
reservoir. The withdrawal structure consists of a
72.2 m (237 ft) high, freestanding concrete tower
and a 144.5 m (474 ft) long, 3.6 m (12 ft) wide
service deck providing access to the intake tower
(Figure 2).

The base of the tower contains two regulating
outlets for control of high flows, a regulating
gate chamber, and a trash rack structure. The
tower consists of two vertical wet walls for water
temperature control and a single dry well
connecting the equipment room with the regulating
gate chamber. The two water temperature control
wet wells are served by five intake ports, two
serving one wet well and three serving the other.
The low level regulating outlets serve as the sixth
level of withdrawal.

The bellmouth intakes for the regulating
outlets are on the face of the base, behind the
trash structure of vertical and horizontal
trashbars. E£ach outlet is controlled by two 1.4 x
1.8 m (4.6 x 6.0 ft) slide gates used for
regulating discharges and emergency closures,
Water passes through the regulating outlet gates
into twin 1.4 x 1.8 m (4.6 x 6.0 ft) rectangular
conduits that transition in 7.7 m (25 ft) to a 4.4
x 2.7 m (14.5 x 9 ft) oblong concrete cut and cover
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Figure 2. Applegate Lake Selective Withdrawal
Structure Schematic

conduit approximately 243 m (800 ft) long,
connecting the withdrawal structure to the
downstream stilling basin thr:?ugh the dam
embankment. Flows of up to 161 m™/s (528 ft™/s)
will pass through the regulating outlets.
Downstream of the cut and cover conduit, an open
channel flares into a 9.1 x 85.3 m (30 x 280 ft)
rectangular primary and secondary stilling basin.

Reservoir water used for temperature control
can be drawn into the temperature control wet wells
from any one of up to five levels, or mixed from
different levels. The top two intake ports 1.5 x
3.0m 55 x 10 ft) high and are rated at 14.1 m”/s
(46 ft”/s). The other three intake ports arp 1.5 x
1.5 m (5 x 6 ft) and are designed for 8.5 m™/s (28
ft“/s). They are operated in either a fully open
or closed position. Water passes through the ports
into either or both of the 2.1 x 1.4 m (6.9 x 4.6
ft) wet wells. The wet wells transition into a
gate chamber area regulated by 0.6 x 0.8 m (2 x 2.6
ft) high tandem sliding wet well control gates.
The wet wells then merge into the regulating outlet
conduit for downstream release.

Also, a 0.77 m (2.5 ft) diameter fish facility
water supply pipeline takes water from the right
wet well (B) and delivers it to the fish collection
facility by the stiHj'ng basin. 3The pipeline, with
a capacity of 5.7 m /s {107 ft”/s), is controlled
by tandem 0.6 m (2 ft) diameter ball valves fully
open or closed.

METHODOLOGY
Two separate studies, a test study and an
operational study, of water temperature mixing in a

small, single wet well using intake ports at
different levels, were conducted. The test study

HYanson, et al.
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was conducted for a two-day period on 5-6 October
1983, and the operational study covered an eight-
day period between 5 and 12 September 1986. In
both instances, the downstream gaging station,
Applegate River near Copper, located 1 km (0.6 mi)
downstream of Applegate Dam, was the control point.

A profile of reservoir water temperatures were
taken near the selected withdrawal structure prior
to each test study.

OCTOBER 1983 TEST STUDY

This test study was the first time since the
project began operating in December 1981 that lake
elevations, drawdown rate, lake stratification, and
downstream fish spawning, were suitable for
conducting a single wet well mixing study.

Because of the possible impact on the
anadromous fishery downstream of the project, the
Oregon Department of Fish and Wildlife (ODFW) was
informed of a the test and the p?fsibiligy of 3
temperature fluctuation between 9°C and 19°C (48
and 66 F) over the two day period. Approval was
given with the stipulation that the period of
maximum temperature outflow be minimized.

The plan was to use intake ports (IP) 3 & 5 on
wet well (WW) B for temperature mixing (Figure 2).
Initially, only IP 3 was to be open. WW A was to
be completely closed, although IP 4 would be left
open in case WW A was needed in an emergency. All
gate settings were to be held for a 2-hour period
to insure temperature and flow stablization
downstream. Various port combinations would be
tested by keeping IP 3 fully open and opening IP S
in 0.3 m (1 ft) increments.

During the test, the wet well control gate
(WTC) B would remain open at 0.8 m (2.5 ft)
releasing near maximum flows for wet wel& B. The
flgw during the test was held near 14.2 m™/s (500
ft7/s).

The downstream gaging station, Applegate River
near Copper, was used as the control point. The
GOES satellite data collection platform (OCP) at
that gage was reprogrammed to transmit in 10 minute
increments. The two gaging stations farther
downstream at Applegate and Wilderville were
similarly reprogrammed to give downstream effects
of the study for future use. A water temperature
initial profile taken by project personnel on 4
October 1983, before the test began, is shown on
Figure 3.

Operational Procedures During Test Study

Tables 1 & 2 give chronological tabulations of
events, gate settings, flows, and temperatures for
each step of the test. These tables are enhanced
by Figures 4 & 5 which show the effects downstream
at the Applegate River near Copper gaging station.

Since the intake ports were designed to
operate in fully-open or fully-closed positions,
and the test operation would be at partial gate
openings, the ports were observed for gate hanger
cable slacking, increased gate vibrations, abnormal
wet well water surface level changes, excessive
noise, etc. At no time during the study were any
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of the above peculiarities noted.
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Figure 3. Applegate Lake Temperature Profile
4 October 1983

Day 1 Test

IP 3 was operated fully open at a 1.8 m (6.0
ft) setting, while the IP 5 opening varied from 0.0
mto 0.9 m (0.0 ft to 3.0 ft) in 0.3 m (1 ft)
increments. Each setting was held for
approximately 2 hours to stabilize downstream
temperature and flow at the Copper gage. Ouring
the first day’s test, outflow from the project was
maintained by setting the !et well control gate
(WTC) B at 2.56 feet (495 ft™/s).

As shown on Figure 4, definite mixing occurs
when more than one intake port is used in a small
wet well. At each incremental change in IP 5 (the
lower port) the outflow temperature indicated a
noticeable temperature drop. The incremental
changes also had a constant effect downstream,
showing up at the Copper gage 15 minutes later and
stabilizing 50 to 60 minutes after the change.

A minor increase in flow was noted with the
successive IP 5 openings while WTC B remained fixed
at 0.8 m (2.56 ft). This could be attributed to a
higher pressure head resulting from using the lower
gate.

At She end 8f the day, the outflow temperature
was 14.3°C (57.87F), near ODFW’'s desired target
temperature and the temperature expected using the
4 QOctober lake temperature profile shown on Figure
3. 1P 3 was left fully open overnight at 1.8 m
(6.0 ft) and IP 5 at 0.9 m (3.0 ft) using only WW
B, to observe if any mixing change caused by
density or temperature differences in the well
would occur overnight.

Hanson, et al.
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Figure 4. 1983 Test Study -
Day 2 Test

Although WTC B gate had settied from 0.78 m to
0.77 m (2.56 ft to 2.53 ft) overnight. the f&ow had
slightgy increaseg from 14.0 m™/s (495 ft~/s) to
14.4 m“/s (510 ft™/s). The temperatureoat the
Copper g3ge only varied from 14.35 to 14.20°C (57.8
to 57.6 F), indicating an extremely stable
condition downstream. This was attributed to
overnight cooling downstream rather than a change
in the temperature of water from the wet well.

On the second day, an attempt was made to
shift the major portion of the flow to the lower
gate and close the upper gate, followed by
partially opening the upper gate. Shifting from
one wet well to the other was necessary to
completely close IP 3. At the end of the study it
was also necessary to shift wet wells to meet
operational conditions desired by QDFW. As
explained later, we found shifting of wet wells was
not necessary for structural integrity due to the
absence of possible intake gate problems.

[P 5 was incrementally opened from 0.9 to 1.8
m (3.0 to 6.0 ft). Temperature was noticeably
affected, because the increased gate opening
provided additional cooler water from the lower
Tevel intake port (Figure §).

The final step of the test was to close [P 3
and run the total flow through IP 5. In closing [P
3, what was thought to be a velocity problem,
prevented closurs beyond 0.3 m (0.8 ft) while
dischargiag 14.3 m™/s (505 ft”/s) through WW B.
Attempting to close [P 3 resulted in a decrease in
temperature at the Copper gage.

To close IP 3 entirely, the outflow was
shifted from WW B to WW A (IP 4) to provide a

static condition in WW B. This operation resulted
in a temporary increase in water temperature at
Copper of approximately 1°C. Because of the short
timing of the gate adjustments, water temperatures
most likely did not stabilize enough at the gage to
give accurate effects of these changes. With WW B
static, IP 3 could still not be closed beyond 0.2 m
(0.8 ft). Most likely the gate was held open by
debris. Since IP 3 could not be fully closed, it
was opened to 0.6 m (2.0 ft) and [P 5 remained
fully open. The outflow was then shifted from WW A
to WW B.

A significant change in flow occurred with
this tast operation. Prior to the change, WI( B
was set at30.77 m (2.53 ft) with a downstream flow
of 14.3 m”/s (505 ft”/s). After the change, the
WTC B was at 0.78 m3(2.55 ft).3but the flow had
dropped to 13.0 m”/s (460 ft”/s). The change
occurred over a ltong enough time for downstream
conditions to stabilize. This could be considered
an indication of inaccuracies in gate settings or
downstream gage height readings. It illustrates
the inability to finely control outflows.

The next step was to set the project back to
normal operational conditions. Beca%se ODF%'S
desired target temperature was for 14.0°C (57.2°F)
water, the pre-test outflow water temperature
conditions were not re‘SstabHshed‘ To reach
14.0°C, an increase of 3.5 C was required in the
final step of the test. The final gate settings
were based on a lake temperature profile taken 6
October. From that profile, shown on Figure 3, 1t
was decided that IP's 3 & 4 and WTC's A & B should
be opened. The first operation was to close [P §
with WTIC B fully open. No problems, such as
vibration or cable slacking were encountered while
closing IP 5 with a maximum flow in the wet well.
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Figure 5. 1983 Test Study - Effect of Gate Changes on Temperature and Flow -

To control for 14.0°C outflow temperature, WTC
B was set to 0.32 m (1.05 ft) and WIC A to 0.62 m
(2.05 ft). After 30 minutes the downstream
temperature was found to be rising faster than
expected or desired. WTC A was raised to 0.76 m
(2.48 ft) and WIC B Towered to 0.17 m (0.57 ft) to
slow the rate of increase in temperature. Two and
one-half hours later, WTC A was lowered to 0.61 m
(2.0 ft) and WTC B was raissd to 0.87 m (1.2 ft) as
a final adjustment for 14.0°C (57.2°F) outflow.

Throughout the test, design flow criteria were
exceeded at the WTC's and IP's. Design flow for
the wet wells, with fhe head og the gates during
the study. is 13.0 m™'s (460 ft”/s) with a WIC gate
setting of 0.8 m (2.67 ft). The most that the WTC
gates could be opened during the test was 0.79 m
(2.58 gt). which gave a flow slightly greater than
4.2 m /§ (500 ft /§). The design flow of the IP’'s
is 8.5 m7/s (300 ft”'s). but when IP 3 or IP 4 were
used %Ione dur1qp the test, the release was near
14.2 m™/s (500 ft”’s). When operating WW A alone,
a very notsy situation, similar to being close to a
moving train occurred. Also, substantial vibration
was evident. This might be attributed to high

Day 2

flows, but WW B did not have the same problem.
Conclusion of Test Results

From the data collected during the test,
noticeable temperature changes indicate that mixing
did indeed take piace in the small, single wet well
at Applegate Lake using intake ports at different
levels. The amount of flow provided by each intake
port at the various openings was not determinable.
There appeared to be no immediate or short-term
structural or operating probliems using the two
intake ports in a single wet well. In fact, well
ngise and vibration was considerably less with two
intakes in use, than when a single intake port was
used. Although the test was conducted at a single
flow, any problems anticipated while making gate
changes, would most likely have occurred at this
near maximum flow rather than at low flows when
velocities are less.

Results from this test show that 1t s
feasibile to operate multiple intake ports in a
small, single wet well for temperature mixing and
control.

TABLE 1

OCTOBER 1983 TEST STUDY OPERATING PROCEDURE -

FEE RS TS AAARIAEEEIIEXES IS IRRTIACIINGINMENSE ISR NN RS IS SR ANR R S IR RS ISR TN SRR R AN AR I AR AT SSIRRIATIRTRN

WET WELL
STEP OPERATION CONDUCTED TIME HIE A
1. Initiate Day 1 Test 0930 1.08
2. Set Initial Test Conditions 0933 CLOSED
3. Begin Using Ports 3 and S 1137 CLOSED
4. Open Port 5 To Next Increment 1323 CLOSED
5. Open Port 5 To Next [ncrement 1534 CLOSED
6. Ended Day | Test 1730 CLOSED

DAY 1

WET WELL INTAKE ~ INTAKE  INTAKE  COPPER

WwiC B FL?H PORT 3 <PORT 4 PORT § TSMP
ft ft /s ft ft ft C
2.06 523 6.0 6.0 0.0 15.6
2.56 477 6.0 N/A 0.0 17.25
2.56 49] 6.0 N A 1.1 16.05
2.56 495 6.0 N A 2.0 15.20
2.56 495 6.0 N:A 3.0 14.35
2.56 495 6.0 N:-A 3.0 14.30

SR I SRR EE AN NN Y NIRRT INETI YIS ES ST AN TSNS SN SV ANFANEEEIRAASE RSN NACEOESRAREEINN XIXACATIFEARTIRNCTORARRTS

Hanain, et 4.
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TABLE 2

OCTOBER 1983 TEST STUDY OPERATING PROCEDURE -

AMEEERAEAIARAT IESSSSSIRFEIRATSNISCEACE IR NANNS IS ITIAIINSIITIFAAIISEIT LI INIASINIFRICEANSEEITACSAXITIXITITINASSES

WET WELL

STEP OPERATION CONDUCTED TIME UlE A
1. Initrate Day 2 Test 0915 CLOSED
2. Open Port 5 To Next Increment 0929 CLOSED
3. Open Port 5 To Next [ncrement 1125 CLOSED
4, Open Port 5 To Full Opening 1313 CLOSED
5. Set final Test Condition 1443 CLOSED
a. Changing Wet Wells 1445 OPENING

To Close Port 3 1452 2.55
b. Adjust to Final Test 1455 CLOSING
c. Adjustment Completed 1503 CLOSED
6. Ended Day 2 Test Snd

Set Outflow to 14 1632 CLOSED
a. (hanging Wet wells 1635 OPENING
b Set for Temperature (Control 1638 2.17
¢. Closing Wet Well to Fully

Close [ntake Port S 1640 2.58
d.  Adjustment to 14°C 1650  CLOSING
e. Finish Adjustment 1652 2.0%
7. Fine Tune Adjustment 1720 2.48
8. Final Adjustment and

Finish Test 2100 2.00

2322TIWFIACSCTII IR IELI S FAISINE I AR IB MM TIWRIT S SNSRI TEZACEIISICAXSRISTIKRLET

SEPTEMBER 1986 OPERATIOMAL STUDY

In September 1986, an opportunity to tess 3
single \!et well at the low release rate of 4.8 m™/s
(170 ft°/s) was available. The Oregon Department
of Fish and Wildlife (ODFH& had Sequested a target
release temperature of 12.8°C (55°F) for September.
The target release temperature was being achieved
by blending water intake port (IP) 3 of wet wel)
(WW) B and IP &4 of wW A. The Portland District
decided to save as much of the water immediately
below the thermocline as possible to be used later
(Figure 6). The water near to, b%t be1°ow the
thermacline naturally approaches 12.8°C (55°F) from
thermal heating of the reservoir water during
September. By mixing warmer surface water with
cooler bottom water, the Reservoir Regulation aad
Water Quality Section felt it could provide 12.8°C
vuser Foroan exteonded time period. IP 3 had 16 to
18°C (80° to 65 F) water available while IP 5 had
7°C (45 F) water available for mixing.

DAY 2
WET WELL INTAKE  INTAKE  [NTAKE  COPPER
WTC 8 FLQW PORT 3 PORT 4 PORT § TEMP
ft ft /s ft ft ft C
2.53 505 6.0 N/A 3.0 14.20
2.53 510 6.0 N/A 4.0 13.85
2.53 505 6.0 N/A 5.0 13.22
2.52 505 6.0 N/A 6.0 12.10
2.52 505 0.8 N/A 6.0 11.20
CLOSING
CLOSED 0.8 6.0 N/A 12.00
OPENING 2.0 N/A 6.0
2.55 460 2.0 NA 6.0 10.55
2.55 6.0 N/A CLOSING
CLOSING 6.0 6.0 0.2
0.85 6.0 6.0 0.2
CLOSED N/A 6.0 N/A
OPENING
1.05 6.0 6.0 0.2
0.57 520 6.0 6.0 0.2 13.15
1.20 540 6.0 0.2 14.05

On 4 September 1986, the Reservoir Regulation
and Water Quality Section requested tohat the
project use only WW B to achieve the 12.8 C target
water temperature. This was attempted by fully
opening of IP 3 to 1.8 m (6 ft) and a partial
opening of IP 5 to 0.9 m (3 ft). Initially there
was some difficulty establishing a stable 13°C
(55 F) outflow. When WW A was closed, and using
only IP 3°of WOB. the release temperature climbed
to over 16°C (60 °F) in two hours (Figure 7). When
[P 5 was opened to 0.9 m (3o ft), 8he release water
temperature dropped to 11 C (52°F). After two
hours, it appearsd th% release temperature had
stabilized near 13°C (55°F), so project personnel
departed. Later, a project operator noticed the
reI%ase temperature had increased to over 18 C
(65 F). Personnel returned to the selective
withdrawa)l structure and tried a variety of port
opening combinationos to re-establish a release
temperature near 12.8°C. By opening IP 3 to 0.6 m
(2 ft) and IP 5 to 1.2 m (4 f&)‘ ths release water
temperature stabilized near 14°C (57°F).

Hanson, et 3.
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A temperature of 13° to 14% (55° to 57°F) was Elevation in feet Elevation in meters
maintained by releasing from W B from 2200 hours 1960 é0o
Sy on 4 September through 1200 hours on 12 September ) /
C 1986. At that time, the dual wet well mixing 1940- 1 Sep 1280
’ procedure was established once again. Temperature | 590
readings taken from the GOES OCP data, transmitted 1920~ ’
in hourly increments (normal operational schedule)
Ty are shown on Figure 7. 1900 - 500
s, |
N Conclusion of the Operation Study 1660
o ‘ 570
AN oDuring the nearly 8-day test period, the 14%¢ 1660 -
i (S57°F) releases were stable and no operational ‘
problems such as gate vibrations were observed. Of 1840 560
interest is that at the gaging station 0.97 km (0.6
AN mi) downstream of the project, local downstream 1020 -
N effects caused the diel water temperature 1800 550
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RECENT DEVELOPMENTS IN TURBINE AERATION

E. Dean Harshbarger

Supervisor, Research and Testing, TvA Engineering Laboratory, Norris, TN

ABSTRACT

Since the early 1970's, the Tennessee Valley
Authority bhas Dbeen 1investigating methods for
aerating hydroturbine discharges. Techniques
which have been physically tested 1include small
pore diffusers, draft tube alr aspiration, vacuum
breaker modifications, hub baffles, draft tube
forced air systems and ep'limnetic pumps. These
tests are briefly described and the results
obtained are discussed. The conclusions are that
to a large extent, aeration methods are site
specific and no universal solution can be
applied. Efforts toward the development of new
turbines specifically designed for aeration are
suggested.

INTRODUCTION

The hydroturbine discharges from some 21 TVA
dams have been 1identified as having undesirably
low dissolved oxygen (DO) content during the
summer and fall months. These dams involve a
total of 77 turbines of various types, sizes, and
designs. Since the early 1970's efforts have been
made to develop rellable, economically feasible
systems for increasing the 00 in turbine
discharges. Methods which have been investigated
include: small pore diffusers to bubble oxygen
Just upstream from the turbine intake; aspiration
of alr 1into the turbine draft tube; modification
of the vacuum breaker system to aspirate more air;
forced air into the draft tube; epilimnetic pumps
to force oxygenated reservoir surface water into
the 1intakes; and development of a self-aerating
turbine. Progress on aeration efforts in TVA have
been reported pertodically (TvA, 1981, 1983, 1984,
Davis, et al., 1983; Bohac, et al., 1986; Ruane,
et al., 1986). This paper reviews TVA's past
efforts and updates the latest efforts to develop
these aeration methods.

AERATION TECHNIQUES INVESTIGATED
Smatl Pore Diffusers

Small pore diffusers were extensively
investigated in the early 1970's as a possible
solutior for DO problems at Fort Patrick Henry Dam
(TVA, 1978). Fifteen to twenty different
commercially avatlable diffuser materials were
evaluated 1n the laboratory and, based upon
information gained, two were selected for use in a
full-scate fleld test. Ten frames of about 150
diffusers each were piaced near the bottom of the
70-foot deep reservoir just upstream from one of
the two turbine intakes. Pure oxygen was bubbled
through these diffusers from a ltquid oxygen
storage and evaporating facility located nearby.

QW) » :
-“li_[.l":..‘"v:"l.y‘.gtl’ ?l Y

The system worked. 00 was increased from near
zero in the reservoir to about four ppm in the
tatlrace. The main problems with this system were
the s-fety concerns over using oxygen and the
relatively high initia) and operating costs. It
was estimated that an operating system to increase
the DO in the discharge from both hydroturbines at
Fort Patrick Henry to S5 ppm would have an initial
capital cost of about $400,000 and an annual
operating cost of about $110,000.

At present, a small pore diffuser system 1is
being studied for use on the four units at Douglas
Dam. The preliminary design calls for nearly
6,000, 17.5-cm (7-in.) diameter diffusers placed
in an area of about 2 acres in front of the
turbine intakes. A ltquid oxygen storage faciltty
capable of supplying about 54 tons of oxygen per
day would be placed nearby to furnish enough
oxygen to raise the discharge DO content up to
4 ppm. The storage tanks would have to be
refiiled every 3 days under extreme conditions of
zero 1incoming DO and full plant discharge of
48 m*/s (16,000 cfs). Costs for the system are
estimated to be about $3.5M initially and $1.0M
annually.

Draft Tube Air Aspiration

To induce atir 1Iinto the draft tube at Norris
and thus increase the D0 in the turbine
discharges, a flow obstruction in the form of a
metal pipe, trtangular 14n cross section, was
welded to the draft tube wall about 1.5 m (5 ft)
downstream from the turbine of unit 1
(Harshbarger, 1982a). The pipe (or Dbaffle)
protruded 15 ¢cm (6 in.) trom the draft tube wall
The upstream side of the baffle served to
accelerate the flow. This caused a low pressure
on the downstream side to induce air. The
interior of the pipe served as a passageway for
alr which then entered the draft tube through some
40 equally spaced 3.75-cm (1.5-Yn.) diameter holes
in the downstream side of the baffle. Atr reached
the baffle via a 25-cm (10-1n.) pipe through an
opening cut Jjust below the draft tube mandoor.
This system aspirated enough a'r to increase the
taitrace 00 3-4 ppm, but caused unacceptadble
enerqy losses. Imbedding the baffle into the wall
of the draft tube may have reduced energy losses
but was not attractive because of construction
difficulties.

Another  draft tube Dbaffle scheme  was
installed and tested on a 35 MW Francis unit at
Douglas Dam (Harshbarger, 1984d). for these
tests, a 26.7-cm  (10.75-in.) high, 11.9.¢cm
(4.75-1n.) deep manifoid was cut into the draft
tube wall about 3.6 m (12 ft) downstream from the
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turbine. Alr was supplied to the manifold through
a Y4-inch pipe entering the draft tube adjacent to
the mandoor. Twenty-four equally spaced 4.4-cm
(1.75-4n.) dlameter holes were cut 4into the
manifold for alr vents into the draft tube. Over
each of these vents was bolted a conical shaped
baffle which protruded 12.5 cm (5 in.) from the
draft tudbe wall. Tests indicated that these
baffles reduced local pressure, but not enough to
induce significant amounts of air into the draft
tube.

Vacuum Breaker Modifications

Most hydroturbines are equipped with vacuum
breaker systems to relieve below atmospheric
pressures which may occur when flow through the
turbine is suddenly stopped. These systems
consist of openings in the turbine hub which lead
to passageways through the headcover and then to
the atmosphere via 15- to 20-cm (6- to 8-in.)
diameter pipe. A spring loaded valve %5 placed in
the alr pipe to admit ajr if the pressure under
the headcover drops below some preset value.

Tests were conducted on 19 units to determine
1f there was enough suction to induce air through
the vacuum breaker system if the vacuyum breaker
valve was blocked open (Ffox, 1980, 1981;
Harshbarger, 198la, 1981c, 1981d, 198le, 1982b,
1982d, 1982e, 1983a). On a few of them, airflow
was increased s)ightly at low wicket gate
openings, but not at the gate openings where the
units are usually run. Only on the 35 MW unit at
Soyth Holston Dam was vacuum breaker suction
sufficient to aspirate significant amounts of air
(Harshbarger, 1985b). On this unit, an additional
opening was cut through the headcover to admit
about 0.9 m3/s (30 cfs) of air at the normal
operating wicket gate opening (near 100%). This
was enough to increase DO in the tallrace on the
order of 2 ppm.

Hub Baffles

To lower pressures and thus aspirdate more atr
through the vacuum breaker system, small baffles
were installed over the vacuum breaker ports on
the hubs of five different turbines. Tests on two
Francis type units at Cherokee Dam (Harshbarger,
1981b), one at Douglas 0am (Harshbarger, 1982¢)
and one at wWilson Dam (Marshbarger, 1982e)
indicated that the hub baffles increased ‘induced
alrflow only tnsignificant amounts at the wicket
gate openings of interest.

Part of the problems with hub baffles appears
to be attributable to changing flow patterns
around the turbine hub as flow through the unit s
changed. In order to design a hub baffle which
would work well at all flows, particularly the
flow obtained at the most efficient qate opening,
TVA contracted with an outside firm to apply a
mathematical mode! they had developed to determine
‘he flow around the hub of the Douglas
hydroturdine. This information, along with
infermation obtatned from a baffle test apparatus
at the TVA Engineering Laboratory was subsequently
used to design 3 hub baffle system for aerating
the Qouglas hydroturbines. This system in.olved
retocating the vacuum breaker ports and instaliing
12.5¢cm (5 tn.} htgh cyltndrical baffles which
protruded 12.5 ¢m (5 Yn.) out from the turbine hubd
over each port. These baffles did ‘Ynduce alr byt
not Yn great enough amounts to signifitantly
increase D0 1n the discharge. Hub baffles were

consequently discarded as a method for aeration at
Douglas Dam.

On the 35 MW unit at South Holston, the
vacuum breaker ports were relocated farther down
the hub and then baffles were placed over the new
ports. This particular unit needs air to dampen
severe vibrations caused by flow through the
penstock and draft tube. The baffles were
designed to aspirate at gate openings of about 75
to 80 percent. At low gate openings, no alr was
induced and the wunit vibrated severely. The
baffles were subsequently removed and no
additional tests were conducted since it was
discovered that aeration could be accomplished by
relatively simple modifications tao the wvacuum
breaker system.

Successful aeration wusing hub baffles was
accompltshed on the two 50 MW units at Norris
Dam. After several terations (Harshbarger,
1983a, 1982d, 1984c) and a series of Laboratory
tests, bolt-on type baffles were designed and have
been in use for the past three years. These
baffies are in the form of a cylindrical wedge cut
from a section of 25-c¢m (10-in.) pipe and protrude
out from the hub 13.75 cm (5.5 in.). With these
baffles, enough air s induced to add about & ppm

to the turbine discharges. The baffles and
induced alr reduce wunit efficiency less than
one-half of one percent. To avold this small

power loss when aeration 1s not needed, the
baffles are balted on in late summer and removed
as soon as the incoming DO reaches 4 ppm.

The two units at Norrtis on which the baffles
have been used have experienced an accelerated
rate of cavitation damage, an expanded cavitation
damaged area and cavitation damage in areas which
are difficult to repalr. Consideration 15 being
given to the development of new stainless stee!
runners which would be less susceptible to
cavitation damage and which could posstibly be
designed to be self aerating.

Draft Tube Forced A'r System

The feasibility of using dlowers to aerate by
forcing air under the turb'ne neadcover was tested
on a total of 8 uynits (Harshbarger, 1983b, 1964a,
1984b, 1985%53). For most of these tests, access
holes were cut through the turbine headcover ard
alr from portable, dlesel powered compressors was
supplied through temporary pipes and hoses This
method worked with varying degrees of success on
nearly all turbines where 1t was tried. The major
problem was that to install a permanent system
targe enough to meet desired D0 conditions
required large blowers and major plant
modifications to install necessary piping and
cantrols.

At Douglas Dam, blowers were a'so used to
force atr through the manifold cut into the dra‘t
tube of Unit 4 and previously used for the dratt
tube baffle tests (Harshbarger, 1984d). The
baffles were removed for the blower tests leaving
only the holes cut into the manifoia The blower
system worked sattsfactorily for aerating the
turdine releases, but there was ro roim to ‘nstall
the required alr ducts and campressor equ'pment on
3 permanent basts.

At present, 3 forced alr system 'S he'ng
successfylly appited at thre 45 MW Timg fnarg Cam
(Harshbarger, 198S5¢). At *this site, a ' & m¥ss
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(50 cfs) blower has been finstalled n a small
shelter outside the plant and the necessary piping
1s routed outside the plant bullding to a location
near the unit where a tie-in to the vacuum breaker
system s made. Flow from this blower s
controlled by a damper and is adjusted to maintain
2 00 concentration in the tallrace of 4 ppm.

Epilimnetic Pumps

Turbine intakes are usually located near the
bottom of reservoirs and draw cooler, low oxygen
content water when the reservoir becomes
temperature stratified. At Douglas Dam, an
aeration method wusing pumps to force highly
oxygenated reservoir surface water into the
turbine 1intakes s being tested (Mobley, 1986).
Each pump consists of a 6-bladed, 4.6-m (15-ft)
diameter propeller connected by a shaft and gear
box to a 30-hp electric motor. The motor, gear
box and controls are supported from a raft on the
water surface while the pump propellier s
suspended beneath the raft at a depth of 3 m (10
ft). The propeller turns at about 21 rpm and is
expected to move about 1.4 m*/s (500 cfs) of
water down some 25 m (80 ft) to the turbine
intake. Two pumps have been installed so far with
a third expected to be 1in place before the
reservoir stratifies next Summer. Tests to
evaluate the system are planned for July 1987.

CONCLUSIONS

Several techniques for aeration of turbine
discharges have been investigated by TVA over the
past several years. These 1include small pore
diffusers, draft tube a'r aspiration, vacuum
breaker system modifications, hub baffles, blowers
and epilimnetic pumps. At present, a small pore
diffuser system ts under study for use at Douglas
Dam, the vacuum breaker system has been modifted
to admit more air at South Holston Dam, hubd
baffles are in yse at Norris Dam, a blower 1is
being wused to force air under the turbine
headcover at Tims ford Dam and epilimnetic pumps
are under study at Douglas Dam. In addition, the
development of a self aerating cavitation damage
resistant turbine s being considered to replace

the present turbines at Norris Dam. The
conclusion i5 that there is no universal solution
for aeration of turbine discharges Geometry

alone Jdemands that each case be considered
fndtvidually to arrive at the most economical and
efficient system.
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OXYGENATION OF RELFASES FROM RICHARD B, RUSSELL DAM
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ABSTRACT

buring the early planning stages of the Russell
project, a major concern of the State and Federal
agencies was that the project comply with State
water quality standards. The Corps of Engineers
committed itself to this objective and developed
a diffused oxygen injection system to oxygenate
the reservoir releases. At Richard B. Russell
Lake, oxygen is injected into the lake through
fine pore diffusers located on the bottam of the
lake both at the face of the dam and 1 mile upstream
from the dam. The paper documents the interagency
involvement 1n the oxygen injection system, summar-
izes the results of the field tests which led
to the development of the system, and describes
the installation and operation of the system install-
ed in Richard B. Russell Lake.

INTRODUCTION

The Savannah District, U.S. Army Corps of
Engineers, is currently campleting construction
and has begun operation of the Richard B. Russell
Dam and Lake project on the Savannah River between
Georgia and South Carolina. The Richard B. Russell
Damsite is on the Savannah River 37 miles above
Clarks Hill Dam and 30 miles below Hartwell Dam.
Clarks Hill and Hartwell are both Corps of Engineers
projects.

The Richard B, Russell Dam and Lake is a
multi-purpose project designed to provide hydro-
power, sare flood control, recreation, and has
a potential for water supply. The dam consists
of a 195-foot high, 1,900-foot long concrete gravity
structure flanked by two earth embankments. The
project 1s designed as a peaking powerplant with
an installed capacity of 600 megawatts. The power-
house will contain four 75-megawatt conventional
units and four 75-megawatt pump units. This install-
ation will make the project one of the largest
Corps of Engineers' hydropower facilities in the
nation. During periods of maximunm generation
the plant will release about 60,000 CFS. During
maximum pumpback operation, 30,000 CFS will be
purped fram Clarks Hill Lake back into Russell.
The average daily release from the project is
over 3,500 CFS. At maximum power pool the Russell
Lake covers 26,650 acres and impounds 1,026,000
acre-feet of water.

The lake was impounded in 1984. Power-on-
line for the first of the four conventional units
occurred in December 1984, and the last conver.tional
unit became operational in January 1986. Power-
on-line for the first of the four pump storage
units is scheduled for February 1990. The current
project cost estimate is 541 million dollars.

Like all deep lakes in the southeast, the
Richard B. Russell Lake thermally stratifies in
the warm sumer months. During this time, the
waters circulated by the wind are confined to
the top 30 feet of the lake. With no means to
replenish dissolved oxygen lost due to biclogical
and chemical activity, the dissolved oxygen concen-
trations in the lower layer of the lake are gradual-
ly exhausted. Since the turbine intake are located
in the lower layer of the lake, it is this water
that is released from the project for power genera-
tion, and dwing the sumer these waters have
progressively reduced dissolved oxygen levels.

INTERAGENCY INVOLVEMENT

During the early planning stages of the Russell
project, a major concern of the State and Federal
agencies was that the project camply with State
water quality standards. The State of Georgia
was particularly emphatic on this point, and as
a result, the cost sharing agreement between the
State of Georgia and the Federal Government for
development of the project's recreational areas
includes the stipulation that the operation of
the project will meet State water quality standards.
Besides this commitment to Georgia, a commitment
to provide 6 parts per million (ppm) dissolved
oxygen in the releases from the reservoir is also
explicitly stated in the Statement of Findings
for the project filed pursuant to Section 404
of the Federal Water Pollution Control Act Amendments
of 1972.

In July 1972, the Georgia Department of Natural
Resources requested the formation of a technical
cammittee to analyze the water quality matters
relating to the Russell project. The objective
of the camittee was to evaluate the thermal and
dissolved oxygen characteristics of the Russell
project as an integral part of the Hartwell-Clarks
Hill reservoir system including the following
specifics:

a. Maintenance of Federal amd State water
quality standards.

b. Maintenance of a coldwater fishery in
a 10-mile reach downstream from Hartwell Dam.

c. Development of a warm and cold water
fishery within Russell Lake.

d. Maintenance of a warm and cold water
fishery within Clarks Hill Lake.

With these objectives established, physical
and mathematical modeling were conducted to determune
travel time, level and thickness of inflows, entrain-
ment and pumpback currents which were then input




into a mathematical model which determuned the dis-
solved oxygen and temperature regutes n the lakes
and 1n the hydropower releases.

In 1ts final repuort, the cammttee osbserved
that the water quality objectives could be met
with the art:ificial addition of oxygen. Several
methods of adding oxygen were then investigated
wincluding surface aerators, diffused air inject:on,
spillway aeration, penstock air injection, multi-
level penstock intakes, submerged weirs, oxygen
wnjection into the penstocks, side stream oxygene-
tion, localized destratification, pulsed oxygen
injection through porous diffusers .nto the lake
at the face of the dam, and ocontinuous oxygen
injection through porous diffusers into the lake
at a point several days travel tume upstream
of the dam. With the high oxygen and low tenpera-
ture constraints, JONTtiNUOUS OXYgen .njection
with an on-site Government-owned cryogenic plant
was identified as the most feasible alternative.
Cont lnuous oxygen 1njection is favored over pulsed
oxygen injection because 1t avolds the high capital
and operating costs associated with liquifying
and storing Jaseous oxygen.

FIELD TESTS

Between 1975 and 1980, the Savannah District,
through contracts with Dr. Richard Speece of
DrexelUniversity, conducted field tests of an
oxygen inject:on system at {(larks Hill Lake.
As a first step, a small scale system capable
of providing sufficient oxygen for the discharge
of one turbine was 1installed adjacent to the
dam face at Clarks Hill and operated in a pulsed
mode by Speece, et al,(l in the summer of 197S5.
This made 1t possible to rapidly monitor the
oxygen level 1in the dicharge and determune the
oxygen absorption efficiency inmediately.

It was concluded fram these tests that 1t
was technically feasible to dissolve oxygen 1n
a pulsed mode that was matched to the water dis-
charge rate, However, as mentioned earlier,
the recomwended method 1s continuous oxygen 1n-
jection at an upstream point 1n the lake rather
than pulsed oxygen injection at the face of the
dam, Pulsed 1injection of oxygen toc match the
water discharge rate involves mtching the peaking
discharge pattern which normally occurs less
than 12 hours each weekday and even less on week-
ends. With on-site cryogeniC oxygen being pro-
duced 1n the gaseous state at a uniform rate,
campressin and storage would need to be provided
to match the production with the usage rate.
This would increase the capital costs of the
oxygen production facility. Therefore, it was
decided that field tests should be conducted
to evaluate the feasibility of continuous injec-
tion into a diffuser system located approximately
1 mule upstream of the dam.

The field tests of the continuous injection
system began the next sumer The tests were
divided 1nto three phases. Phase I was an evalua-
tion of the oxygen absorption efficiency of various
diffusers. In this test, diffusers with a standard
permeability of 0.5 to 2.0 feet per munute (fpm;
were identified as the optumm diffusers. Phase
II wnvolved tests of racks of diffusers to deter-
mine the elevation in the water colum at which
the oxygenated water would come to equil:ibriur,

Phase III of the study involved installation
of nine diffuser racks at a location approximately
1 mile upstream of the dam in water approximately

130 feet deep. The highest dissolved oxygen concen-
tration recorded i the tarbines was 1.1 ppm whioh
accurred about o days after oxygen inject.ion startel,
The oackground dissolved oxygen npefore xyen
inlection cammenced was 0.5 to 0.8 par. iy
apbout 30 to 40 percent of the oxygen that was
wnjected appeared to eventually reach the turbines,
the low oxygen absorption efficiency was due to
two factors. First, the diffusers on the rack
were not the most efficient as determuned in Fhase
I of the study. Second, the close semricircular
spacing of the diffuser racks and h:3h .nject.on
rates per diffuser caused localized destratifi:a-
tion n the vicinity of the diffuser racks which
resulted in the dissolved oxygen-rich water saming
t< equilibrign in the upper level »Of the laxe
where 1t w~as unava.lble for dissolved :xygen enrich-
ment of the turbine discharges. [t was determuned
that urprovements in the performance of the oxygen
injection system could be realized by lowering
the 1njection rate per diffuser by quadrupling
the numoer of diffusers per rack, equipping the
racks with the optimum 2 fpm diffusers, and spread-
ing the racks across the lake cross section.

These .mprovements were made to the system
and field tests were conducted 1n the sumer of
197703),  The nine racks were fitted with 40 square
feet of diffusers of 2 fpm standard permeability.
The racks were placed across the lake cross sect.ion
1 mile upstream from the dam and spaced approxi-
mately 300 feet apart with the first rack located
approximately 1,200 feet fram shore. Oxygen was
injected continuously for 30 days at a rate of
100 tons/day, and dissolved oxygen and temperature
were monitored 1n the lake and the turbines.
During this period of oxygen 1injection, dissolved
oxygen concentrations of 4 to S ppm were maintained
with an absorption efficiency of 50 percent.
Although this represented an i1mprovement over
the results fram the previous year, the goal of
6 ppnm dissolved oxygen was still not achieved
and the absorption efficiency was still unaccept-
able. Although the lake did not destratify in
the vicinity of the racks, punping of the oxygen-
ated water occurred causing it to reach the surface
where 1t warmed and returned to an intermediate
layer generally above the turbine withdrawal zone.
[t was determuned that the pumping was due '
the four-sided diffuser configuration of the racks
and that the pumping could be eluunated by employ-
ing a linear diffuser configuration.

RICHARD B. RUSSELL OXYGEN INJECTION SYSTEM

The oxygen 1njection system at the Richard
B. Russell project 1s described in the PF.chard
B. Russell Dam and Lake Design Mamorandum 55 ax
Supplement No. 1 (4 and 5] The system ar Russell
has a continuous 1njection system located | mile
upstream of the Russell damsite but also has -upp.e-
mental injection capablility at “he tace .t *he
dam to be used during periods ot hiher rhar normal
releases and unusually high disscived . xyen det.-
cits, Gaseous Hxygen is supplied frm a3 Liquid
oxygen storage facility on tne [akeshoure,

The ontinuous System “onsists ¢ & 1.4ty -
but.ion pipe from the xygen tac:i.:.*y * “w para..el
d1ffuser pipes susperxied 5 teet ¢ ‘e ane k' T,
The two diffuser pipes are -wer [,@J00 tee’ ong
and are spaced 100 feet apart. Frr vhe puosed
system, a mawn dustribution  line extemds frwm
the oxygen supply site to the "Hp -t *‘he lar.
Additionally, eight teeder pipes extend tra the
main distribution line down the face it *he larm
and then connect toy the J:ffuser |.nes oetween

Wi lagher, et ag.
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each intake perpendicular to the face of the
dam. Each feeder pipe for the pulsed system
.5 equipped with a motorized control valve which
allows operat:on of any cambination of pulsed
diffuser lines. Power and telemetry for the
motor'zed control valves 1s provided from the
oxygen supply facil:i:ty by means of underground
cables.

A typical section of diffuser piping is shown
on  Figure 1. The diffuser piping consists of
an 8-inch center manifold pipe made of fiberglass
reinforced plastic. Flotation 1s attached to
the manifold p:pe to provide a constant positive
buoyancy to the system during shutdown. Vertical
and horizontal alignment of the system is secured
by guying the manifold pipe to concrete anchor
clocks on the lake bottow with stalnless steel
cables. Flanged to the manifold pipe are 20-
feet sections of 4-inch schedule 80 PVC diffuser
pipe. The diffusers are spaced 1 foot apart
along this pipe. A control orifice is installed
in each flanged connection between the manifold
pipe and the diffuser pipe to ensure proper flow
distribution through this system. The diffusers
are 7 1inches in d:ameter and are made of silica
Jlass bonded together with an organic binder.
The diffusers have a standard permeability of
2 fpm.

The cost of the oxygenation system was 3.9
mallion dollars: 1.0 mullion dollars for the
oxygen storage facility and 2.9 million dollars
for the distribution and diffusing system., The
price of liquid oxygen 1s currently $65/ton.

Based on the best estimates currently available
on the expected dissolved oxygen content of the
reservoir releases, the expected daily discharge
from the project and the expected oxygen absorption
efficiency, approximately 5,500 tons of oxygen
would have to be added annually at a maximm
rate of 150 tons/day to meet the downstream dis-
solved oxygen objective of 6 ppm in the hydropower
discharges that would occur 90 percent of the
tume. For the first few years of operation,
oxygen will pe purchased fram cammercial suppliers,
stored 1n liquid oxygen storage tanks on the
site, and then vaporized as needed. Although
ultimate plans are to install an on-site oxygen
production facility, purchased liquid oxygen
will be used 1initially to gain detailed data
on project performance and oxygen requirements.
After this period, we will be 1n a better position
to determune both the desirability of an on-site
production facility and the type of facility
that will be most econamucal to operate.

In order to monitor the umpacts of Russell
Dam and Lake on the three lake system, the Savannah
District entered into a cooperative agreement
with the Waterways Experiment Station for a 3-
year water quality study. This study included
3} major object:ives:

1y to described post-umpoundment water
quality condit:ons in Richard B, Russell Lake;

(PR to document the umpacts of impoundment
N water quality conditions 1n Clarks Hill Lake
ard ;

(3 to evaluate the effectiveness of the
oxXygeninjection system in ameliorating potential
water quality problems 1n Richard B. Russell
Lake and 1ts tailwater.

Three annual reports summarizing the findings
»f this study will be published (6),

The oxygen 1njection system began 1initial
operation 1in April 1985 with the onset of lake
stratification and continued operating until the
lake destratified in early December. Figure 2
shows a dissolved oxygen profile just downstream
of the system along with a background dissolved
oxygen profile taken 1-1/2 miles upstream of the
system. As the figure shows, the oxygenated water
remains in the lower layer of the lake where it
1s available for turbine discharge. The oxygen
njection system has consistently maintained at
least 6.0 mg/l of dissolved oxygen in the releases
fram Russell Dam. The total oxygen injected during
1985 was 13,300 tons which was higher than antici-
pated due to the large amount of oxygen demanding
material found i1n the new lake, and a later than
normal fall turncver.

The second season of oxygen injection began
i May 1986. As of September 30, 6650 tons of
oxygen have been 1injected. This 1s 2200 tons
less than was injected for the same period 1n
1985, This reduction 1n oxygen required is due
to the natural aging of the lake and to the reduced
total water released fram Russell Dam caused by
the present drought conditions in the Southeast.

Gas analyses of the bubbles have shown
that bubble size greatly influence the oxygen
transfer efficiency of the system. Measured effi-
ciencies have ranged from 25 to 96 percent with
smaller bubbles averaging greater than 70 percent
and larger bubbles less than 50 percent. Small
bubbles result fram diffusion through the diffusers
while large bubbles result from leaks in the system
or malfunctioning diffusers.

The oxygen injection system has been in
operating for two seasons and overall the system
has performed as designed. The dissolved oxygen
levels released from the dam have consistently
been greater than 6.0 mg/l with the average oxygen
transfer efficiency around 75 percent. The largest
portion of oxygen is absorbed in the lower hypo-
limnion which comprises most of the withdrawal
from the lake. Oxygen injection has not caused
local destratification which would increase the
water temperature of the releases.
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Figure 1. Typical section of diffuser piping.
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IN-RESERVOIR AERATION SYSTENS

C. E. Bohac, Ph.D., P.E.,

Environmental Engineer,

Tennessee Valley Authority
Chattanooga, Tennessee

ABSTRACT

Two types of seration systems are sre being
demonstrated by the Tennessee Valley Authority.
The first is an aeration/destratification system
using diffused air. The system is installed at
Upper Bear Creek Reservoir, Alabama. The system
is designed to increase DO levels in the reser-
voir as well as reduce concentrations of iron,
manganese, and hydrogen sulfide in the with-
drawals from the reservoir.

The second system is a hypolimnetic
aeration system using high purity oxygen. The
system is designed to aerate only a small
submerged pool of cool water in ean embayment
of a large reservoir. The embayment acts as a
refuge for fish during times when the main
reservoir body is anoxic and fish are stressed.

INTRODUCTION

There are two classes of problems arising
from anoxic conditions in reservoirs. The first
is that depressed reservoir oxygen levels can
result in low oxygen concentrations in the
releases from reservoirs. The second is that
depressed reservoir oxygen levels can directly
result in adverse biological and biochemical
conditions in the reservoir. In some cases
reservoir aeration can be used to improve the
dissolved oxygen (DO) levels in the releases
from the reservoir and used to modify the
chemical and biological enviconment within
the reservoir.

This paper reports on two in-reservoir
aeration efforts. The first was to aerate and
possibly destratify e significant portion of
the Upper Bear Creek Reservoir near Haleyville,
Alabams. The second was to aerate a portion of
the hypolimnion of Cherokee Reservoir near
Morristown, Tennessee.

UPPER BEAR CREEK RESERVOIR

Upper Bear Creek Reservoir has a volume of
approzimately 2.8x107m? (23,000 acre-feet) with
a surface area of about 1.2 to 1.6x10’m? (3000
to 4000) acres. Filling of the reservoir began
in 1974. The reservoir provides flood protec-
tion and serves as a water supply for several
communities in west-central Alabama. In addi-
tion, the reservoir provides water for the
weekend operation of the Bear Creek Floatway, a
major recreational feature in the area. The
reservoir and outlet structure are shown in
figure 1.

On OO0 MR NN
iu“dw;’ng,d(.j e at

Figure 1. Upper Bear Creek Reservoir

The water quality problems associated with
Upper Bear Creek Reservoir are low summer DO
which leads to the high concentrations of iron,
manganese, and sometimes hydrogen sulfide. The
anoxic reservoir provides a reducing environment
and the insoluble iron, manganese, and sulfide
in the reservoir sediments become dis-
solved. The source of these three constituents
is believed to be upstream cosl mining.

Problems result in that the water treatment
plant using the reservoir as s water supply
often struggles with the removal of the iron and
manganese. In addition, water released st
approximately 7.1 m*/sec (250 «cfs) through
an aersating valve for the floatway does not
provide sufficient oxidation time for the iron
and manganese. The oxidation rate for the iron
and mangenese are on the order of hours for the
iron and days for the mangenese. Therefore, the
iron and manganese ozxidize and precipitate in
the creek, leaving it highly stained, with large
growths of iron bacteria, and with precipitates
coating much of the aquatic life below the
stream. An additional problem occurs when the
reservoir level drops below the spillway crest.
In order to maintsin minimum streamflow of about
0.2 to 0.3 m%/sec (7 to 10 cfs), a small,
unaerated valve is used to provide the minimum
relesses because the flows are too small to use
the aerating valve. This operation not only
results in iron and manganese problems as de-
scribed sbove, but concentrations of hydrogen
sulfide as high as 0.5 mg/L have been detected
in the creek. Hydrogen sulfide concentrations
greater than 0.002 mg/L cen be toxic to aquatic
life.
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\N‘; A diffused aerstion system was installed in
,1'% Upper Bear Creek Reservoir in the late spring of
A 1986. Four diffusers were used. The diffusers
were placed across the old river channel, spsced
o about 150 to 300 m (500 to 1000 feet) apsrt.
.t(“_' The locations are shown in figure S. Each
v“n'V diffuser was constructed of 7.6 cm (3-inch) PVC
Q.af‘ pipe mounted in an eluminum frame which holds
iget the pipe approximately 0.9 m (3 feet) sbove the
fl'," bottom of the reservoir. Each diffuser consists
;g*(t of two 6.1 m (20-foot) sections of pipe joined
. by a coupling. 1.0-mm (0.039 inches) holes were
_ drilled in each side of the pipes on 0.3 m Figure 6. Diffusers
..‘: (1-foot) spacings. One end of the 12.2 m
:.‘l‘ (40-foot) diffuser is capped and the other
.'.;l‘ fitted with a quick-connect fitting for a 2.5 cm Two 1.4 m?/min (SC cfm), 8.8 kg/cm?
,;'-l, (1-inch) sir hose. Figure 6 shows the (125 psi) compressors, supply the air with
Lol diffusers.
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one compressor for each two diffusers. The com-
pressors asre to run continuously from about the
Cirst of May through September.

System Operation

Operation of the aerstion system wss de-
layed due to s fsilure of the original coupling
connecting the two sections of each diffuser.
Additional delay was caused by two diving
sccidents during installation. The delays
resulted in initisting operstion after the
creservoir had stretified.

Soon after operstion began, the water
treatment plant, which has its intake at the
dam, experienced a change in water quality which
significently upset plant operation. The aera-
tion system was then shut down for Llwo weeks.
The upper two diffusers which are approzimately
1.2 to 1.6 kilometers (0.75 to 1.0 miles)
upstream from the dam were then operated for
spproximately one week after which time the
water treatment plant agein experienced condi-
tions of fluctusting weter quality which again
resulted in significant upsets of the plant's
operation. The serstion system was sgsin shut
down. After three weeks the two diffusers were
operated but this time for only & day and s
half. Seversl days leter, the water treatment
plant again experienced an upset.

The difficulty experienced by the water
trestment plant was thought to be caused by the
slow oxidation snd sedimentation of the
manganese in the wster wupwelled by the
aserators. Because the oxidation rate of the
manganese is on the order of days, it was not
removed by the time it resched the water
treatment plant inteke. It is hoped that under
normal operstion of the aeration system in which
the system is sterted Defore the reservoir
stratifies, the deep portions of the reservoir
will stay serobic and prevent the manganese from
becoming soluble.

CHEROKEE RESERVOIR

During late summer, the temperature in the
epilimnion of Cherokee Reservoir exceeds the
optimum temperature of 22 to 24°C (72 to 75°F)
for striped bass, a very important gamefish in
the reservoir. The striped bass seek cooler
parts of the reservoir during critical tempera-
ture periods. Unfortunately, the hypolimnion,
which is cooler, contsins insufficient concen-
trastions of DO. The bass, therefore, seek
refuge elsewhere to wait out the duration of the
stressful conditions. The more popular refuge
aress are ombayments fed by cool spring water
high in DO. However, there have been fish kills
over the years because the refuges were not
large enough for all the fish, the refuges were
unable to msintain cool enough temperatures, the
DO was not sufficiently high, or all of these
factors.

Because of the need for additionsl and
improved refuges, an artificis]l refuge was
created for the striped bass in the reservoir.
The refuge epproach was selected due to the high
cost of trying to aerate in the reservoir

itself. Even if the reservoir could be serated,
it was not certain that the water would be suf-
Ciciently cool to sustein the bass.

Description of the Dam and Aerstion System

A small embayment, shown in figure 7, at
Holston River mile (HRN) 55 was selected for the
refuge. The refuge was constructed by placing a
submerged dam ascross the mouth of s small embay-
ment to trap cold weter in the spring of the
year and retein it throughout the summer. The
water trapped by the dam was aserated using
liquid ozygen and s diffuser system placed on
the bottom of the embayment.

Figure 7. Refuge Embayment

Submerged dam

The submerged dem is made from Hypolon
strips cemented together in 1.5 =m (S-foot
sections. Approximetely 96 m (315 feet) of
the fabric is used to span the mouth of the
cove. The fabric is up to 21 m (70 feet) wide
in the middle where the embayment is deepest,
and tapers to spproximstely 12 m (40 feet) along
the ends. The dam is about 15 m (S0 feet) high
at the deepest point. The fabric is folded at
the bottom to provide a tail which lies flat
slong the bottom of the embayment. The bottom
is sealed by placing gabions filled with
sandbags on top of the teil. Because of the
steepness of the side slopes, the gabions are
held in place by cables connected to anchor pins
drilled end grouted into the reservoir side.

The top of the fabric is suspended from a
9.5 mm (3/8-inch) cable which is bolted to two
pins on each side of the embasyment. One pin
letersally restrsins the cable and the other pin
vertically restrains it.

When the reservoir is unstratified, there
are no loads on the dam and the fadbric hangs
limp. Wwhen the reservoir becomes stratified and
the tempersture on either side of the dema is
equal, the deam remains limp. However, as the
cold water is pulled from the hypolimnion for
power generation, the thermocline is lowered
resulting in higher temperatures at lower




elevations in the reservoir. ! Because the
water behind the submerged dam is isolated from
the effects of the turbine releases, the thermo-
cline remains et its original depth behind the
submerged weir. This, of course, ceuses a
temperature difference to occur between the
water behind the dam in the embayment and water
in the main body of the reservoir. The cooler
and more dense embayment water pushes aegainet
the febric dam billowing it out much like »

sail. When the maximum temperature difference
is achieved, there is as much as 6360 kg (14,000
pounds) of force ecting vertically on the main
support cable. This load is supported with 66
underwater buoys attached to the main support
cable. Wwhen the dam is unlosded (no temperature
difference exists) the buoys are held down by
concrete anchors on the embayment floor. As the
temperature difference develops, the heavier
water inside the embayment begins to pull the
fabric down, relaxing the tension in the anchor
lines between the buoys and the buoy anchors and
sllows the vertical load acting on the fabric to
now be borne by the buoys. Figures 8 and 9
schematically depict the fabric dam. The design
criteria for the dam are presented in table 1.

Table 1

The ozygen system requires approximately
one-fifth the gas flow rate of an air system and
thus much less water is upwelled. This reduces
the chance of losing the cold water over the top
of the barrier. The diffuser system is con-
structed of six 0.9 m (3-foot) by 7.6 cm (3-
inch), fine-pore ceramic diffusers (manufac-
tured by Marox Corporstion) mounted end to
end on & galvanized pipe frame (see figures 10
and 11). There are 13 pipe frames each approxi-
mately 6.1 m (20 feet) long arranged as shown in
figure 12. The oxygen is supplied to diffusers
at 8 rate of 45 to 90 kg/day (100 to 200
lbs/day).

Because no access roads could be provided
to an onshore oxygen storage site, ozygen is
barged to the refuge. A 6.4 m (21-foot) pontoon
boat was (fitted for storing four Ja4l kg
(750-pound) liquid oxygen tanks. The tanks are
connected to & commuon manifold, followed by a
metering system, before the oxygen is delivered
to the diffusers. The oxygen requirement is low
enough that vaporizing devices are not
required. The oxygen barge and mooring
facilities are cepicted in figures 13, 1a,

Design Data

Length of dam on area

Distsnce between anchor pins

Bottom elevation

Top of dam elevstion

Number of buoys and anchors

Number of gabions

Number of sandbags

Length of anchor rope

Fabric

Maximum temperature difference

Normal reservoir full pool elevation
Ninimum reservoir full pool elevation
Diffuser length

Ozygen flow

Ozygen storage

Volume of refuge

Refuge surface ares at elevetion 1008.5
Average depth

Maximum depth of coldwater pool

36 m (315 ft )
88 m (290 fr )
293 m (960 ft )

207 m (1008 ft )

66

29

1300

1520 m (5000 ft.)

4 mi) Hypelon®

8°C (14°F)

328 m (1075 fr.)

811 m (1020 ft )

79 m (260 ft )

Up to 114 Kkg/day (250 lba/day)
Four 341 kg (750 lb) dewars
1.4210%m?(117 ac-ft )
2.7%10*m?(6 6 ac )
5.9m (18 ft )

15 m (48 ft )

Aeration system

One of the design objectives for the sera-
tion system was to lose as little of the cool
water behind the dem as possidble. Therefore,
high purity ozygen was selected for the seration
system in preference to s diffused air system.

1. The intakes to the hydropower turbines at
Cherokee Dam are located deep in the hypo-
limnion. Because Cherokee is one of the
main hydropower generation facilities on the
TVA system, it is used as much as possible
during summer months to meet high pesk air
conditioning demands. The result is thet
the hypolimnion is generally depletedq
of cool water by late August.

and 16§. Approximately every 7 to 21 days,
cepending on the oxygen [low rate, the oxygen
berge is taken to & nesrby boat launching
fecility where the empty oxygen tanks are
exchanged for full ones.

Table 1 lists the more important design
features of the dam snd the seration system.

System Performance

fFigure 16 shows the effect of the submerged
dam and the asersation system on tempersture and
DO. As figure 16 indicates, the temperature in
the embayment behind the dam during July was &
to 6°C (6 to 11 °F) cooler than water at the
same elevation outside the refuge. DO levels of
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up to 6 mg/L were maintained inside the refuge
while DO dropped to zero outside the refuge.

By comparison to a nearby control cove
of similar features, large numbers of forage
fish, primarily alewife, are attracted to the
artificial refuge. Although the high oxygen
conceatrations, cool wster, and abundant food
are provided, striped bass have not appeared
in the cove in the same numbers that
frequentsome of the natural refuges. Part of
the problem might be caused by the anoxic layer
that forms between the top of the dam and the
bottom of the epilimnion as seen in figure 16.

The artificial refuge has been in operation
for two summers. Efforts are continuing to make
the artificial refuge more attractive to
the striped bass.
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EPILIMNETIC PUMPS TO IMPROVE RESERVOIR RELEASES

M. H. Mobley® ang E. C. Harshbarger?
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ABSTRACT

The Tennessee Vvalley Authority has installed
high volume, low speed, axial pumps in Douglas
Reservolr just upstream from the turbine intakes.
The purpose of these pumps s to force highly
oxygenated epilimnetic surface water 1into the
turbine intakes when the reservolr 15 thermally
stratified and the bottom water 1s Jlow 1in
dissolved oxygen. A description of the test
tnstallation 3is given, the results of preliminary
tests are presented and plans for future tests are
discussed.

INTRODUCTION

Low dissolved oxygen (D0) content s a common
water quality problem in the hydroturbine
discharges from many deep reservoirs. In

addition, cold water temperatures can be a problem
1f the discharge area s a warm water fishery.

Most of the low temperature and dissolved
oxygen problems 1in turbine discharges can be
attributed to thermal stratification of the
reservoir from which the turbine flow s
obtained. Usually, the turbine intake )s located
at a low level and withdraws only relatively cold,
poorly oxygenated hypolimnetic water. Often,
highly oxygenated, warmer water 15 avatlable in
the epilimnion, but cannot move downward through
the thermocline to reach the turbine intake
because of density differences.

Professor J. E. Garton (retired), of Oklahoma
State University developed the concept of using a
high volume, low speed, axtal pump to locally
destratify the reservoir and move surface water
into the turbine intake withdrawal zone. This
general technique has been applied by several
others (Quintero and Garton, 1973; Steichen, 1974;
Strecker, 1976; Garton and Rice, 1976; Garton and
Jarrel), 1976; Dortch and Willlams, 1978; Garton
and Peralta, 1978; Punnett, 1978; Garton and
Punnett, 1980; Garton and Miller, 1982; Robinson,
1982), but has never been permanently installed in
deep water, high flow situations.

The Tennessee Valley Authority 1s currently
installing three of these "epilimnetic" pumps at
Douglas Dam to investigate thetr use in a high
flow, relatively deep reservoir application.

BACXGROUND

Douglas Dam s located at mite 32.3 of the
French Broad River in east Tennessee. The clty of
Knoxviile 1s located some 30 miles downstream at
the confluence of the french Broad and Holston
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Rivers. The dam ‘s equipped with four
hydroelectric generating wuntts which discharge
about 120 m?/s (4,000 «cfs) each. Thermal

stratification in Douglas reservoir is relatively
strong during late summer. Surface temperatures
are normally near 25°C (177°F) while temperatures
at turbine intake level are about 13°C (55°F).
The wusual depth from surface to the intake
centerline s about 25 m (80 ft) during the
stratified time period. 00 in the hypolimnion
often drops to near zero, and therefore, low
dissolved oxygen in the discharges 1s an annual
occurrence during the summer months. This low DO
contributes to waste assimulation problems in the
downstream area, and is detrimental to fish and
other aguatic life habitat.

Several methods of increasing the D0 in the
turbine discharges have been tested (Harshbarger,
1982, 1983, 1984) none of which have proven
feasible from both a technical and economic
viewpoint. The current tests undertaken by TVA
are to provide a solution to the Douglas 0O
problem and at the same time to provide basic
information concerning the application of such
devices to other lotations having large flowrates,
deep turbine intakes, and fairly strong thermatl
stratification.
DESCRIPTION OF EQUIPMENT

Each of the three epilimnetic pumps being
tested by TVA consists of a 6-bladed, 4.6-m
(15-ft) diameter propeller connected by a shaft
and gear box to a 30 hp electric motor. The
motor, gear box and controls are supported on a
4.9 m by 4.9 m (16 ft by 16 ft) square floating
platform on the water surface, while the propeller
is suspended beneath the platform at a depth of
approximately 3 m (10 f¢t). The propeller 1is
turned at 21 rpm and ‘s expected to move
approximately 1.4 m?/s (500 cfs) of water down
some 25 m (80 ft) to the level of the turbine
intakes.

Much of the machinery required for
construction of the epilimnetic pumps was
purchased from Union Electric Company. Robert

Miller of Union Electric and Professor Garton used
this equipment in their tests at Bagnell Dam on
the Lake of the Ozarks i1n 1981 (Garton and Miller,
1882) . The equipment purchased from Union
Electric Company tncluded:

1. 80:1 right angle gear reducers

2. 30 hp electric motors

3. 4,575-mm (180-in.) dia. cast aluminum
cooling tower fans
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4. shafts, motor/gear reducer mounting frame,
quide bearings

To complete the test apparatus, TvA destigned
three flotation platfarms <consisting of SQuare
steel tubing frames, aluminum clad polystyrene
flotatton billets, and wooden decks and handralls.

To meet TVA safety requirements, a protective
cage made of fence wire attached to a Steel
framework was designed to enclose the propellers
and keep swimmers out of danger. The platforms
were fitted with large signs on every side that
warned of “danger”, “high voltage", and “rotating
machinery". Two Tighted buoys were placed out
from the platforms to warn away boaters both day
and night.

A system of telescoping “stiff-legs*
consisting of a 3.3 m () ft) diameter pipe, steel
tubing and gquy cables was designed to connect the
group of three pumps to the face of the dam and
allow flexibtitty 4in posttioning the pumps for
various tests. In order to respond to the 8.3 m
(60 ft), fluyctuations in the reservoir level, tne
stiff.legs were connected to the face of the dam
with a sliding connection. This connection
consisted of a short "I" beam section that was
bolted onto the end of the stiff-legs and stid in
a "C" shaped channel that was bolted to the face
of the dam.

DESCRIPTION Of CONSTRUCTION

At the TvA Engineering Laboratory, each
flotation platform was assembled as a unit with
the gear reducer and electric motor mounted and
altgned. The protective cages were butlt in
sections to allow easy transportation and
assembly. The telescoping stiff-legs were
assembled complete with flotation and sliding
connection to be bolted to the face of the dam.
A1l of these components were loaded on two “"WIDE
LOAD" trucks for transportation to Douglas Dam.

Scaffolding was erected at a site on the
North abutment of Douglas D0am to support the
platforms for final assembly. when the partlally
assembled pump units arrived at the dam, they were
11fted with a crane to support beams on top of the
scaffolding. Once the platforms were located on
the scaffolding, the final assembly of the
submerged part of the pumps began. This tncluded,
installing the shaft, making the chain couplings
on the shaft, butlding the supports to the lower
guide bearings, instaliing the propelier hub and
blades, setting the pitch of the propeller blades,
and assembling the protective cage.

Using a crane, each complieted pump was
removed from the scaffolding and carried out on
the deck of the dam, where 1t was lowered into the
reservoir. The first pump to be assembled was
damaged ‘'n a crane accident as It was Dbeing
removed from the scaffolding. It was salvaged and
reassembled using pleces of the third pump which
will not be completed until replacement parts are
pracured. The succeeding crane 1i1fts were done
with a larger crane and went smoothly.

Boats were used to maneuver the floating
pumps 1nto postition in front of the intakes of
untt 4. The two completed pumps were connected
into one rigid unit, with a .3-m (1 ft) space
between the floating platforms. The pumps were
held out from the dam with two floating

Ladd oBa- o ha _aa . 4o 4 Al

stiff tegs The telescoping stiff.legs were
adjusted so that the closest edge of the platforms
wa§ 1 62 m (25 tt) from the face of the dam. This
wds c(hosen as the ¢losest pump location so that
the downward moving water pushed by the pumps
wouid ¢lear the top of the cylindrtcally shaped
intakes at Douglas that extend out &6 m (20 ft).
The telescoping stiff-legs were capable of
extending the pumps out an additional 4.6 m (1S
fty. The torque of the operating pumps was
counteracted by the stiff legs and guy cables that
were attached to the outside corners.

tElectrical power was supplied by a 100 amp
Tine from the dam that fed Into three motor
control boxes mounted on the handrails on the deck
of the dam. The power cables were suyspended from
the control boxes out to the platforms., A system
of pulleys and weights was used to tension the
caples and allow movement with reservoir

Tuctuations.

TESTS PERFORMED AND RESULTS

Cue to the time required t> purchase and
assemble the apparatus, the epilimnetic pumps were
not installed before the reservoir destratified.
However, two dye studies have been performed to
check the performance of the pumps and verify test
procedures for future tests.

The first test was conducted on October 3,
1986 . The puyrpose of this test was to find out
what percentage of the output of the pump was
being withdrawn from the reservoir through the
turbine intake under the destratified conditions.
The temperature difference from the surface to the
depth of the intakes had been measured to be less
than 2°C (3°f). The headwater elevation (HWEL)
was 951.5, 16.5 m (54 ft) above the centeriine of
the intake.

Only the turbine equipped with the
epilimnetic pumps (Unit &) was run for the test.
The procedure was to inject a known flowrate and
concentration of rhodamine dye Into the water
above the pump propellers and then monitor the
concentrations of dye in the scrollcase, at the
boll in the tallrace and in the river downstream.
The concentrations at the monitoring points were
then multipliied by the known flowrate during the
test (from the Winter-Kennedy taps on Unit &) to
get a total mass flowrate of dye to compare with
that originally injected (assuming uniform
mixing). Measurements taken from a boat
positioned 1in the river about 450 m (1,500 f¢t)
downstream from the dam reflected a mass flowrate
of dye ecial to about 95 percent of the mass
flowrate injected. The other two measurements at
the scrol’case, and in the botl in the tatlrace
did not reflect nearly as much dye concentration,
but it was expected that these measurements were
in error because of less than adequate mixing.

During preparation for the first dye test,
the epilimnetic pumps were run for about 10
minutes while the turbines were all off. 1t was
noticed that under these condittons, a plume of
mud wds stirred up between the pumps and the dam.
This mud plume was thought to be from the bottom,
some 23 to 30.5 m (75 to 100 ft) below the leve)
of the platforms. Since there was some question
about whether the pumps were actually pushing a
jet that deep, a second dye test was run.
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The second dye test was run October 10, 1986,
while all units were off. The HWEL was 950. The
purpose of this test was to determine if the pump
jet was reaching to the bottom of the reservoir
under the destratified conditions. Three weighted
dye sampling lines were lowered to depths of about
21 to 27 m (70 to 90 ft). Two of the lines were
positioned between the pump platforms and the dam,
the third 1ine was posttioned between the two
platforms. Both epilimnetic pumps were started
along with the pump on the sampling lines, and
after allowing time for the pump jet to become
established, a small amount of dye was injected
near the water surface between the two units.
After a delay of approximately 3 minutes the water
samples showed a strong peak of dye concentration,
thus showing that the pump Jets were penetrating
to a depth of at least 27 m (90 ft).

FUTURE TESTS

The third pump unit 1s anticipated to be
completed sometime in the spring of 1987. The
arrangement of the third pump 1in relation to the
existing two pumps and the arrangement of the
assembly with respect to the 1intakes will be
studied in a 1iterature search and possibly a
phystcal model study. The purpose of the model
study would be to determine the optimum
positioning for penetration and maximum flow from
the surface to the turbine intakes.

Once the lake has begun to stratify a sertes
of mass flow dye tests will be run to determine
the percentage of the pump Jet to reach the
turbine intake versus depth and stratification
strength.

Once the third pump unit 1s 1installed and
operating, a test will be run during strongly
stratified conditions to determine the maximum
improvement in the quality of the turbine
discharge gained by operation of the pumps. For
this test the 00 and temperature of the reservoir
and turbine discharge will be monitored.

CONCLUSIONS

At this time, TVA has epilimnetic pumps
installed at DOouglas Dam that show potenttal for
tmproving the releases from the low level turbine
intakes. Tests to date have been run only in low
HWEL, destratified conditions; therefore, the
effectiveness of the pumps under strongly
stratifted conditions at summer levels 1s stil}
unknown. However, the pumps have performed well
thus far and show promise for success next spring.
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GROTMAT T TRAT A RYATALLLT 2esTraTiiication syslem of the powerhouse. The DO and temperature
e insriallel ro festratify *ne miniliaxe. The

profiles shown 1n Figure 2 were taken on 19
August, 23 August, and 13 September 1924, Similar
praofiles Jere observed i{n 1985 ang 1986, In 1984
turbine operition tests were deing conducted that
had a significant impact on the profiles observed
in the minilake, Examination of Figure 2 will
reveal that the minilake 4id not hiave the same
temperature profile as the main lake. However,
the minilake profiles were taken ifter turbine
tests were conducted, The profiles imply that the
water in the minilike was withdriwn and replaced
with water from the stratum near the TCW crest
elevation. Consequently, the water wis warmer in
the deprhs of the minilake than {n the main lake,
but Wwas still 3anoxi2 singce the oxy:line was above
the TCW crest.

3.0 paramete~s In1 2onstraints are shown and
roa sg3rem lealgn 13 leveloped. A design for the
107488 3ystem (3 3uggested.

INTRIDUITION

Mar« Twain Laxke ‘MTL', on tne Sal* River near
H3nniz3l, Missour!, exhidits summer 3tratificatlon
*nat ~esui*3 i1 anoxis cfonditions in the hypolim-
n., Yyirdpower releases, «hich are general.iy
~i*nirawn £-~om leep {n tne pool, i3re usuilly cold
an!  Low  .n 3issolved oxygen DO) for these
Lices, lriinarily tnis problem wWould Se avercome
n MTL WLt v ne temperiture control weir (TCW),
47137 (3 an ear*nen 1ixe 3ipproximately 122 m (400
S Lpst-eam af Tlarence Tannon Dam (ICD) (Figure
. Tre TTa, witn crest 3r el 177 m® 580 fr),

Jbservations made during turbine tests
1 confused these conciusions. In the early part of
rhe Kaplan turbine test, the '"speed, no-load"
coniltion REL:) esrabiished wirh a very 1ow
di{scharge rate. During this *time the DO content
21 177 330 of release water was very high, nearly as high ias
the D0 content of the epilimnion. As the test
progressed, and the discharge from the turbine
increased, the DO decreased. However, after about

TEMPERATURE 40 minutes of operation the DQ began to increase

TONTROL accompanied by an increase in temperature,
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During the speed, no-load portion of the
regt, the low discnarge {azout 28.3 m’/sec {1,000
T.dame ., Tonemat i of II0 witn TIW. ft’/sec)} through the Kaplan turbine would have
. caused ftne valuum-breaxer 3system to function to
“7a.l moTmally 3t a3 3 s«Umming Welr o allow prevent cavitation. At this very low setting,
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4TL30 @Gl (Mp3lt ‘ne g«imming Ccipadility of the

large volumes of air would have been aspirated
into the draft tube region just bdelow the turbine
wheel, Thus, t*thne DO wuptike as tnis air-water
Mixture traveled to the tailrace area wis quite
sianifizant, As the turbine discharge increased,

T W Tre mign rresmdiine  relative to tne TCW the amount of air aspiration decreiased, resulting
TRAT 4030 Talgel nypo.imneric londitions fo be in lower DO upta«es and 3 decrease in the release
23735 1.3"e1 in "re arae3z setween "he W and ZCID. DO. However, becaise of the relatively small

volume of water between the TCW and main dam, this
* Al eleviv,.n3 N3 3*ages Ti*ed nerein are |(n

w13 a1 short-lived phenomenon. Once the volume of
the minllake had been withdrawn, the skimming
action of the TCw caused the release temperature

nerre3  Tear rafarrel t tne National lender{:
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Figure 2. Mark Twain Lake temperature

and DO profiles.
3s well 3as the release DO to increase.

Tals conclusion was verified with data from
the test of the second turbine unit at C(CD: a
pump-turbine. The pump-turbdine unit does not have
a vacuum-breaker system, and during its start-up
tests, low or zero DO was observed in the
releases, However, after approximately Uu0-~50
minutes, the DO began to increase accompanied by a
temperature [ncrease, This result {llustrates the
impact of the minilake and the TCW.

It appears from comparison of the 1984 {n-
lake and minilake temperature and DO profiles and
evaluation of the release DO and temperature
values produced by operation of the CCD powerhouse
that the major cause of the (nitial cold low DO
release {s the physical restratification of the
minilake. With the tnermocline and oxycline above
the crest of the TCW, the minilake restratifies.
This restratification results {n the low DO

content and cold remperature of releises until the
TCW can influence the quility of the witer being
withdrawn,

Main lake profiie data from 1935 and '33¢c
also showed that the thermocline and oxy:line w~ere
ibove or near the crest of the TCW during most of
the stratification period of June througn
Jctober, Minilake profile data for this 3ame
period also indicated that the miniliake was
restratifying after generation shutdown. The
temperature and DO profiles in the minilike
approximated the main-lake profiles from tne
surface to the crest of the TCW. Below the [ICW,
the minilake wis homogeneous with temperature and
DO content of water at the TCW crest elevation.

In May 1986 a Hydrolab Data Sonde II water
quality monitor was {nstalled in the tailbay of
the hydropower facility. The monitor was coupled
with 3 data collection platform that transmits the
measured values of the water Quality parameters to
the GOES satellite system for retrieval, Thus, 2a
continuous record of water quality data {n the
turdine bay tailrace was obtained. These dita
showed the same trends as the 1984 data {ndicating
that the same processes that were at work in 1984
were still affecting release guality.

An additional problem was discovered when
measurements in the turbine taiibay {ndicated that
cool hypolimnetic water with 3 very low or zero DO
content was gradually replacing the just-released
epilimnetic water after generation shutdown.
After extended periods of no generation, the
quality of the water in the turbine bay approxi-
mated the quality of the water in the hypolimnion
of the minilake. Based on these observitions, it
was concluded that the source of this cold poor-
quality water was leakage through the turbdbines and
that these condltions posed a3 potential concern
whenever the main lake thermocline and oxycline
were above the elevation of the TCW.

POTENTIAL SOLUTIONS

The CCD hydropower project 13 a peak power
generarion facility. Power production {3 on
demand and has no fixed scnedule, Slignt
modification to ordinary operations could, at
least partially, eliminate the problem of low 20
in the release water. For example, it power plant
start-up during the critical stratification
periods, the Kaplan uni{t could be operated at
speed, no 1load until the volume of the minilake
has been flushed downstream. At this juncture,
however, it {3 unknown {f this could be a workable
solution.

Future operating procedures at CCD  are
extremely important, particularly given that the
project has pumped storage capabilities. Pump-
back, {f {mplemented on a regular basis, could
significantly t{mpact the strati{fication in the
main lake and the minilake, Because of the
turbulent mixing and entrainment of the pumpback
Jet as it flows over the TCW, some depression of
the thermocline in the lake to an elevition below
the TCW crest could be ant{c{pated. This effect
would result in warmer higher quality water being
withdrawn {nto the minilake for release at the
startup of generatjon. It 13 important to note
that frequency of pumpback would determine the
extent of these effects and that other techniques
to improve release guality may have to bde adopted.
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Another potentiial solution is to raise the
elevation of the TTW crest, This would prevent
the restratification of the minilake witn cold,
1ow-D0 hypolimnetic water since that water would
be below the crest elevation and could not flow
into the minllake. Additionaily, the higher crest
would rajse the withdrawal zone to the wupper
ievels of the lake, thereby improving the skimming
action of the TCW. Operational considerations to
improve releise DO during start-up time should be
unnecessary with this al%ernative. This alterna-
tive wo'ld, however, require study in a physical
nydraulic model to assure that flow conditions
approacning the structure would be satisfactory
“ith tne higher TCW.

Hypolimnetic aeration and oxygenarion are
potential solutions to the low=DO release
problem. For these alternatives, the hypolimnion
oxygen content would be improved by aerating or
axygenating the hypolimnion. However, neither of
these alternatives would impact the transitory
effects of releasing cold water during turbine
start-up, nor address the potential problem of
cold water leakiage through the “t*urbines and
accumulation in the tallbay. © *ther, these
alternatives would act on the hypolimnion, when in
fact, the causa“ive agents appear to bde in the TCW
and min{lake and resulting hydrodynamics,

Total lake destratification would prevent the
occurrence of cold hypolimnetic water and low DO
since temperature and chemical stratification
would not exist. However, the system and energy
requirements to implement this alternative could
oe extensive, and total lake destratification may
not be desirable for other project purposes.
Using the concept of destratification {n a
localized area could potentially produce the
results desired at CCD. The TCW provides the
luxury of 3 minilake that could possibdbly be
maintained in 3 destratified condition. This
system and {t3 energy requirements could be much
more attractive than total lake destratification.

Turdine venting through aspiration or forced-
air injection into the flow in the power project
could favorably impact the release DC although
tnis alternative woild not affect release tempera-
rures, As Jescrived earlier, Kaplan turdines
aspirate air 3t certain operating levels.
However, aspiriation 4suilly occurs only at lower
discharges, Thus, such additional measures as
deflector plates must be taken to induce aspira-
tion, or compressed-air {njection must be
employed. Tals alternati{ve may not prove to be
the complete solution, but {t should improve the
release DO.

RECOMMENDED ALTERNATIVE

The recommended approach for the solution of
the problem of transitory cold, low-DO releases at
CCD is the use of a local destratification system
coupled with, {f necessary, the use of turbine
venting. Hydraulic destratification of the mini-
lake would prevent temperiture and oxygen strati-
fication without requiring the c3apltal and energy
outlay for 3 3ystem to destratify the entire
l3ake. Regardless of the operating procedures
adopred for power production, or the level of the
lake (which {mpacts the thermocline elevation),
the temperature 13and DO content of the minilake
20uld probably be maintained 3t an 13cceptable

level. The use of local hydrauliz destriatifi-
cation would avoid the potential for naitrngen
supersaturation that might be encountered with a
pneumatic destratification system. An additinnal
bernefit of the destratification system {s the
elimination of the ¢nld poor-quality water leaxking
through the turbines. Since hypolimnetic water
would not be present in the minilake, the leakage
would not be cold or low in DO.

DESIGN PARAMETERS, CONSTRAINTS, AND GEOMETRY

To be effective in preventing the release aof
cold low-DO water, the destratification system
must be able to break up the stratificarisn in tne
miniliake in the time period between generition
cycles. It was anticipated that generation would
start about 2:00 pm and continue un%ti. about 12:00
am; thus, there would be about 14 hours of down-
time from generation shutdown until the next
generation cycle. The destrati{fication system
must therefore perform (ts task in tnis l4-nour
time period.

The following parameters were selected for the
design:

3, Length of diffuser: 122 m {400 ft)

b. Diffuser ports: 13-mm (1/2-{n.) diameter;
30.5 cm (1 ft) on centers; 400 ports

c. Time for destratification tgg: 50,400 sec
(14 hours)

d. Volume of minllgke witn normal el 184 (604)
Ve: 1.491 x 10° m3 (368.5 acre-rt)

e. Density difference bef.ueen1 epflimnion and
hypolimnion ap: 0.00329 gm/cm” (0.00638
slugs/ft7)

f. Reference density p: 1.0000 g/cm3 (1.9403
slugs/ft?)

g. Depth of the diffuser dp: 25.6 m (64.90 ft)
h. Acceleration _due to gravity g: 9.8 n/sec?
(32.2 ft/sec”)

Jsing these data and the design relationships
recommended by Dortch (1979), Dortch and Holland
(1980), and Holland and Dortc (1%8"). dimension-
less time to "80 percent mixed“" tg, as a function
of system diacharge Q |{s

. tSOQ
tgg ~ _v; = 0,00314Q &)

Holland and Dortch (1984) developed a relationship
between dimensionless time and the destratifi-
cation densimetric Froude number Fr

v -0.57
c;() - 0.20upr %57 L0200 [ —B (2)
Ap
2g ° dR

! Analysis of 1985 prototype stratification data
indicated that this density difference was maximum
and occurred over a period when lake stability was
maximized.

2 Tne "80 percent mixed" design point approximated
the fully mixed condition for the purpose of
system design,
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where

Vp = 3verage velocCity through 3iffuser
port., m/sec

Substiruting Ejuation ! into Equation 2 and using
the continuity relationship

Q- nApr 3

where

n = numder of ports in diffuser

Ap = 3rea of individual port, nl
tne discharge reguired to destratify tne minilake

is
3= 1.8 md/sec 719.3 rr3/sec)

Using approximarely 25 percent overdesign factor,
the system 3ischarge should bde 2.3 m’/sec 25
ft’/sec). This overdesign facror should account
for the most severe strat{fication possible as
well 3s potential pool elevation fluctuations.

snould be divided into five
subsystems. Tnis 3Jivision should provide tne most
effective system since it Ccan Dbe operated in
srages and 3nould one system need repiair, the
remainder can provide rne destratification
needed. Fo *t1:3 desjgn, each subdsystem would
carry .46 m/sec (5 ft2/sec) of epilimnetic water
to a 24.4-m- (80-ft-) long nypoliimnetic diffuser.
Dortch (1979) recommended that an upward jet of
epilimnetic water discharged in the hypolimnion
will provide tne best destratification effi-
clency. Therefore, the pumps, which should be
submersible, should be positioned about at el 180
(592) (Figwe 3). This would provide adequate

The system

-+
Pump TCW el 177 (580)
30.5 em (12 in.) PIPE
(XK1}

L
=a

Figire 3.

Pump locatinn in MTL

submergence 3at low pool elevations, yet allow
pumping of epilimnetic water for relatively high
pool elevations during the stratifi{cation
season, Complete sudmergence of the pumping
systems would preclude the need for suction and
discharge lines to enter tne lake's surface,
thereby relieving a potential maintenance problem
because of icecover {>nly power and pump control
conduits would enter the lake),

The 4diffuser should be constructed from 30.5-
em- (12-in.=) diameter pipe. There would be eighty
13-mm- [1/2-in.~-: dlameter ports on each sidsystem
di{ffuser. Based on nead lnss computations, the
pamp for each sudsystem shoiull bSe adle *ao deliver
J3.46 m-/sec (5 frlssec; a% a pressure head of 2
minimum of 12,2 m ‘43 f%v), 7To assure performance,
a2 25 percent overdesign factor may be applied to

the pump head to 3aczount for iadditional losses in
connections, elbows, and valves thit Jere not
included in the foregoing compirations. Thus, the
recommended design for ea2n subsystem i3 for a
pump tnat cin produce a discharge of J.46 m~° sec
(5 fto/sec) with a delivery pressure of 15.2 m {50
ft) of head.

For system installation, polyvinyl chloride
(PVC) schedule 40 pipe which snhould provide the
needed strength and corrosion resistance, should
be flanged togetner rather thnan zlued for ease of
construction. A suggested design for rne 4iffuser
support system is presented in Figure 4. Tais

30.9 am ('2 in.y Pleg

RESTIAINING STRAPS

ALUMINUM ANZLES

y4
R T S Pl D'D—
c:m RETE FILLED Seelosmo s ‘“" '
3TUB
\CAP

STIFFENING

]IS

Figure 4. SigrRested 11°7  sev

37502m 1esign

1esign could  be prefadrizited  In1 assemdled
onsite. It would pravide tne separation between
the diffuser 3and lixe tottom *5 grevent entrain-
ment of bottom seiiments. The o2apped PVC stubs
would provide the baliast and buoyancy or sinxking
or retrjeving the 1iffuser, A flexinle 30.5-om-
{12-in.-) diameter nose would be used 'o connect
the diffuser to the feedliine from the pump.

The bluoyancy o retrieve tne Z{ffuser system
3nould  be praviied By ‘tne 3-om= (8-in.-
diameter schelule 40 pipe 3t rne [ower vertexes of
the triangular s.ipport Uriadka*s shown 1n Figure
a4, Compressed 1ir W#0ull "e 3ipplisd to tnese
pipes to cause tne 1iffuser t> flnat, The pipes
w0ulld he flooded *o 3i19% the 117fiuser %> sink,
The biallast for the 1:1ffiser 3hnHil3 22 pravided by
*ne T 3eztiong (. rne flat3r 30 plies, A
capped, concrete-fillel "leg" *h3r (5 n' om0 2 )
1sng should e fitred (ntH each T ta provile 3
footing 33 wel. 33 aided Sillast,
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SUMMARY

Based on analysis of temperature and DO data
taken during and after hydropower operation, the
transitory release of cold low-DQO water i3 appar-
ently due to the thermal and chemical restratifi-
cation of the minilake when the thermocline and
oxycline are above the crest of the TCW. For
example, during generation since the TIW s
skimming epilimnetic water for release, the
minilake is homogeneous, the release temperature
is relatively warm, and the release DO concen-
tration {s relatively high. However, when
generation 3tops, the minilake restratifies.
Because the tnermocline {3 above the elevation of
the TCW, the Jater 3t the crest ‘which is cooler
and %hus more dense than the water in the mini-
iake) fiows down the rtac«side of the TlW and
gradually fills the minilake to the crest
elevation. This also causes chemical stratifi-
cation of tne minilaxe, 3ince the water flowing
into the minilake at the crest elevation (s low in
D0. During generation start-up, this water must
be withdrawn before the s<imming action of the TCW
can impact the release temperature and D0.

The solaution to tnls prodlem should eliminate
the cause of rne cold low-DQ releises during
generation start-up, e.g., it sh>il? prevent the
restratification of tne minilake. Thus, the
recommended technigue is a loca. destratification
3ystem. A nydraulic destratif{cation system to
mix *he minliake would prevent or minimize the
effects of stratificarion in tne minllake.

The recommended design for the destratifi-
2ati{>n system is for five 3ubaystems. Each
3.d3ystem would consist of a pump capable of

A L3 W)

R e

delivering 0.46 m3/sec (5 ftirsec: at 15,2 m €0
fr) of pressure neiad feeding 3 30.5-cm~ 12-in.-’
Jiameter 24,i-m- {(80-ft-) long d1ffuser pipe wi'n
13-mm=- \1/2-in.-) diameter ports dored 3C.5 cm =
ft) on centers. This design woull provide ftne
necessary volume and momentum to satisfy ‘the
destratification requirements. PVC schedule 40
pipe should fulfill the strengtn 3nd corrosion
resistance reqQuirements of the Jesign. A
suggested design of the diffuser support system is
shown {n F{gures 3 and 4, in 331d3ition *o
providing the diffuser suipport, the piping an:
frameworx serve as ballast and ancnor.ng weignht
and flotation system.
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LAKE ALLATAINA - AN CARLY EXPERIENCE [N NESTRATIFICATION REVISITED

Nathaniel D. McClur [V, P.E.

~hief, Erwiromment and Resources Branch, Mobile District,
U.S. Army Corps of Engineers

ARSTRACT

In 1968, a rather bold experiment in lake
destratification was undertaken in hope of demon-
strating a viable approach for improving the
1issolved oxygen {7.0.) concentrations in release
waters from hydropower dams. lake Allatoona in
North Georgia was selected for a prototype instal-
Tation to determine if the concept could be uti-
lized for the then proposed West Point Project on
the Chattahoochee River downstream from Atlanta.
The approaches for design. “fabrication, and
installation o0f the system are presented along
with a review of the State of the Art that existed
at that time. The operational and testing pro-
grams are discussed and the results produced are
presented. In general, the normal stratification
pattern of the lake was altered to the extent that
N.0. concentrations were increased at depths from
9.1 to 24.4 meters (m) (30 to 80 feet). The D.N.
concentrations in the release waters were also
increased. Recause of the water quality improve-
ments, especially increased D.0. concentrations,
the sriginally envisioned temporary experimental
test was operated €or the past 19 years. fpera-
tional experiences and costs are discussed. A
sunmary analysis of the overall experience is
presented, including views on how the system could
be improved if it were installed today.

BACKAGRNUND

Juring the 1950's, greater interest and
ephasis was beginning *o be nlaced on water qual-
ity and other enviromental amenities. Prior to
this time period, the design of water resource
projects included very little, if any, considera-
tion of such issues as the quality of release
waters and effects of releases on downstream fish-
ery resources. This observation is not meant to
be critical, but rather reflects upon sensitivi-
ties and priorities that generally existed at both
the National and 1ncal levels prior to 1970. 0On
1 January 1970, President Nixon signed Public Law
(PL) 91-19N, the National Fmvironmental Policy
Act (NEPA)., This statute, which was unanimously
passed by the 'Inited States Senate, illustrated
that envirommental matters were a National pri-
nrity (Anderson, 1973). Water quality can be a
vital component of the overall envirommental
quality, especially in conjunction with the devel-
opnent and operatinn 2f major water resource
arojects. The significance »f water quality was
emphastzed n twn faderal Statutes: PL 92-500,
The Federal! Adater Pollution Control Act (1972) and
DL 92-217, the flean Water Act (1977). Thus,
while the water quality that would be associated
with a proposed reservoir uynder today's circum-
stances would he clnsely scrutinized and evalu-
ated, *his has not always been the case.

In 1968, evaluations were underway related
to the impending construction of West Point Llake
on the Chattahooche2 River downstream of Atlanta,
heorgia. Even though the acute emvironmental
sensitivity currently existing was not yet mani-
fested, at least not on a mandatory hasis, there
were concerns about the quality of release waters.
particularly in regard to dissolved oxygen (D.N.)
concentrations in the release waters. In an
attempt to address these concerns, a rather bold
experimentation was undertaken in the form of a
demonstration project at Lake Allatoona to
ascertain t.e viability of a diffused air pump
destratification system to improve the D0.0. in
release waters. This paper revisits this early
experimental approach and discusses the design and
installation of the system, as well as its
operational characteristics over the past 19
years. It should be noted that the system was not
designed to be a permanent operational feature,
but rather to operate for a limited time period,
three to four years, while its effectiveness as a
water quality management tool was evaluated.
Therefore, it is remarkable that the original
installation remained operational, albeit at
graduafly reduced efficiency, through 1986.

PRINR REPORTS

A comprehensive report (USCE, 1973) on the
destratification test was issued by the Savannah
Nistrict. This report contains extensive water
quality data collected from 1963 through 1970, as
well as other information related to the effec-
tiveness of the system. The system was operated
in 1958 and 1959, but not in 1970, so water qual-
ity data could be collected for comparative pur-
poses. As a matter of explanation as to Savannah
District’'s imvolvement in projects within the
Civil Works boundaries of the Mobile District
(both Allatoona and West Point are Mobile District
projects), the South Atlantic Division assigned
the design and construction of the wWest Point
project to Savannah District 1n order to balance
workl oads . Savannah  District  subsequently
requested Mobile District to design, construct,
and install the prototype destratification system
at Allatoona Lake and to conduct water gquality
investigations on 1ts effects. Savannah District
then prepared the above referenced report with
input from the Mnbile District. This cooperative
venture bears evidence to the adage "The “orps
Family."

THARACTERISTICS NF LAKE ALLATONNA
Allatoona Lake wes selected for the experi-
mental tast beciuse of its geograohical proximity

to dest Point and the general similarity 1n phys-
ical and operational characteristics. Ahile
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Allatoona s on the ftowah River in the upper
Mob'le River basin and West Point is on the
Chattahoochee Qver in the Apalachicola River
basin, hoth projects nperate as peaking hydropower
plants, and are locatad within 161 ¥itometers (km)
(170 miles) of each other. Since the prototype
system was not installed at 4est Point, no further
discussion of that project is presented and full
attention will be devoted to the Lake Allatoona
experience.

The Allatoona Droject operates for the pur-
poses of flood control, regulation of streamflow
for navigation, development of hydropower, and
recraation. Construction was completed in 1955.
There is a winter drawdown for flood control pur-
noses, but the operational plan calls for attempt-
ing to maintain 3 canstant pool from 1 May through
1 Nctober, at elevation 340 MSL. Nbviously the
water surface elevation fluctuates due to hydro-
logical variations but the 840 elevation serves as
a quide for reservoir operations.

Table 1 contains vital statistics of Lake
Allatoona with emphasis on characteristics related
to reservoir stratification., Tha stratification
ratio (Yuber and Yarleman, 1958) represents a
"rule of thumh" dimensionless indicator of the
type stratification a reservoir can be expected to
exhibit. Ltake Allatoona exhibits a relatively
strong classical three-layered stratification sys-
tem as generally described by Ford et al. (1986).

Table |
Lake Allatoona Characteristics

fharacteristic Amount units

2,349(1,110)  Sq.km{sq.mi)
45.7 (150) m (feet)

Orainage Area
Maximum Nept 1/

Surface Area: 4,300(11,860) hectares
{acres)

Storage Tapacity!/ 453.3x10® (367 500) cu. m.
(acre-ft)

Average Annual ’h‘schgrge 46.84(1,654) cu.m/s (cfs)

Stratification Ratios 3.3 Nimensionless
l/\lomal summer pool  elevation 236 m (840
feat) above mean sea lavel (MSL)

.P:/The Stratification Ratio (Yuber and Harle-
man, 1958) is conputed by dividing the averaqge
annual discharge, integrated over the entire year
and expressed in acre-feet by the storage volume
in the same units.

POWERHOUSE

The powerhouse contains two 36,000 kilowatt
main units and a 2,000 kilowatt service unit. The
main unit penstocks are 6.1 m {20 feet) in diame-
ter with the centerline of these intakes 27.4 m
(9N feet) below the normal summer pool, while the
service unit is 1,67 m (5.5 feet) in diameter with
its centerline 16.7 m (55 feet) below the normal
summer pool. A minimum discharge of 5.66 cum/s
(200 cfs) via the service unit exists at all times
that the main units are not operated. The main
units, with a discharge of approximately 113.3
cum/s (4,000 cfs) each, discharge for generally
short durations from 2 to 8 hours to meet peaking
electric power demands within a power grid system.
As discussed in more detail later, the physical
characteristics of the reservoir, powerplant con-
figurations, and operational patterns all contrib-
ute to the watar quality, especially the 0n.0.
concentration of the release waters.

STATE OF THE ART

The concept of resarvoir destratification or
mix1ng was not unique in the 1963 time frame. how-
ever, the utilization of 3 diffused air pump in a
large reservoir, such as Allatoona, was a new
venture. Or. James M. Symons of the National
Environmental Research Center sarved as a consul-
tant providing gquidance on the overall size and
configuration of the system. Previous work by
Dr. Symons {Symons et al., 1967) illustrates the
"State of the Art" at the time the design for Lake
Allatoona was initiated. DNestratification efforts
on eight lakes are described. The largest lake
had a storage volume of 41,617,953 cu.m. (33,740
acre-feet) or less than 10 percent of the volume
of Lake Allatoona. Therefore, the Lake Allatoona
experiment was an order of magnitude larger than
any known previous efforts.

SYSTEM NESIGN

Several factors influenced the design of the
system, including cost, capability of performing
the installation without elaborate equipment,
availability of materials to meet time con-
straints, and uncertainties related to the manner
in which the compressed air system would perform
under various operating conditions. Five 60
horsepower, electrically powered, rotary type
compressors were selected. FEach compressor had a
minimun capacity of 250 cfm free air at 100 psig.
Once the determination was made on the number and
size of compressors to be utilized, the design
focused on the method to distribute the compressed
air into the lake in the most effective manner.
As a first step, diffusers were evaluated. The
selected diffuser was about 0.6l m (2 feet) in
length with an outside diameter of 7.62 centi-
meters {cm) (3 inches). The diffusers basically
consisted of a corrugated metal core covered by
0.16 ¢cm (1/16-inch) diameter saran cord which was
wrapped around the metal core to assure the air
exited the diffuser in relatively small bubbles.
Because of the capacity of the individual dif-
fusers, a total of 200 was required. Five arrays
with 40 diffusers each were designed to spread the
air diffusion in a controlled fashion (Figure 1).

Figure 2 shows the elevation and plan view
of the arrays. The arrays were configured to
suspend the diffusers 3.05 m (10 feet) above the
hottom in order to keep the diffusers out of the
bottom sediments, yet keep them relatively close
to the bottom for greater pumping efficiency. A
system consisting of an anchor and a submerged
buoy was incorporated below and above the cross-
arms ., respectively. A network of cables was
utilized to hold the diffusers level. The cables
served the dual purposes of fixing the elevation
of the diffusers and in absorbing the stresses
associated with lifting the arrays for installa-
tion, so undue forces would not be exerted on the
diffuser crossarms. The combination buoy-anchor
system had to function with the diffuser arms fyll
of water and with the added buoyancy from the air
in the arms when the system was in operation.
Another interesting aspect was the manner in which
styrofoam performed at water depths of 42.7 m (140
feet). Corventional styrofoam compressed about 20
to 25 percent of its volume at atmospheric pres-
sure when lowered to this depth., fbviously ths
greatly affected its buoyancy and a high density
styrofoam especially formulated for the Navy to be
utilized in submarines was selected because of its
ability to maintain much of its original volume,
and thus buoyancy, even at significant depths.
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AR SUPPLY

The bank of compressors to supply the air
was Dlaced in a1 fenced area completely exposed to
the ambient weather conditions. A house or shed
was not considered necessary since the system was
only to be operated for a couple of years. A
manifold was designed so any number of compressors
could be operated to serve the five arrays in an
individual or collective fashion. Dressure gauges
and flowmeters were incorporated to facilitate a
halanced distributicn of air to the individual
arrays. The manifold played an important role
4uring periods when one or more compressors were
out of operation for maintenance or other puyrposes
by evenly distributing the available air to the
five arrays. Also, valves were included so any of
the arrays could bde shut off if a malfunction
developed.

INSTALLATION

Installation nof the arrays and the 5.1 cm
{two-inch) galvanized feeder pives created a
special set af challenges to he overcome. The
furthermost array was adout 7.54 km (one-third of
a mile) from the compressurs and the feeder pipe
rad to essentially conform to the contours of the
steep shoreline and the irregular lake bottom,
The suoply lines were initially strung out along
the lake surface with buoys attached to keep it on
the surface. The far end of the line {away from
the compressors) was secured 0 a somewhat flex-
ible plastic tube connected to the center of the
array, which had previously been lowered into
asosition on the lake bottom. (The arrays were
assembled on too of the dam; lowered over the up-
stream face and into the water. A motorized raft
with a power winch was connected to the cable
above the submerged buoy and transported the array
suspended below the water surface to a designated
1nocation in the lake. The winch then lowered the
the array assembly to the bottom while the plas-
tic tubing was manually fed out as the array
descended, retaining the unconnected end to be
attached to the supply line.) An  ianovative
swivel joint was incorporated incrementally along
+*he supply line to facilitate the lowering orocess
and to allow the supply line to better conform to
the irregularities of the bottom, The swivel
sjoint consisted of two 90 degree elbows turned to
face each other and connected by a short nipple.
Thus, the joint was somewhat rigid, but neverthe-
lTess provided enough flexibility to relieve exces-
sive stress from the pipe joints., A union joint
was incorporated to facilitate connection of pipe
sections. An earlier attempt to install the
supply line with only standard couplings used to
connect the 6.1 m (20-foot) sections of galvanized
pipe failed because the stresses encountered in
Towering the pipe to the bottom pulled the pipe
out of the couplings.

The installation crew (all Corps employees)
consisted of a fabrication team that preassembled
the arrays and pipe sections on the dam and a team
that accomplished the actual installation. The
installation team utilized two 5.5 m (13-foot)
work boats and a motorized raft and included seven
or eight people. The installation process was
evolutionary based on trials and errors and
experimentation. Ince the process was fully
developed, it went fairly smoothly. Some inter-
esting problems were encountered such as having
almost 9.54 km (one-third of a mile} of supply
Tine stretched out on the lake surface, suspended
hy 270 liter (55 gallon) drums serving as buoys,
and a strong wind coming up. The result was a

supply line that resembled a1 pretzel which had
several sheared roints. Another problem encoun-
tered was a kinked plastic tuba leadiny to an
array which reguired retrieval of the array and
replacement 2f the plastic pipe. Cons.dering the
equipment that was available, the i1nexperience of
the installation crew (no one had ever Ddeen
1nvolved in this type effort), and the physical
setting that existed, 1t s amazing that the
system was successfully installed. The ~orps
motto "“Essayons” was certainly apropos t3 this
effort. The cost of the system installed was
$€23,633 (SCE, 1973).

SYSTEM DPERATION

The system has been in operation since 1769
continuously with the exception of 1370 and 1774,
The two years that the system were 'Ot operated
serve very well as 3 hase so the effectiveness of
the system can »e measured. Table 2 presents a
summary of the operational history. Since the
installation was %0 be temporary, commercial power
was utilized even though it was more expensive.
Special arrangements needed at the powerhouse %o
orovide government power could not be accomplished
to meet the operation startup in 1968, In 1377,
the system was switched to government power. The
switch resulted in a reduction in cost of power
from $200.00 per day to $21.50 per day. An under-
sized circuit breaker would only iccommodate four
compressors Juring 1?58, A replacement prior ta
the 1969 season permitted full oaperation of the
system, The compressors operated continuously, as
indicated in Tadle 2, except for orief periods
when single compressors were taken off line for
maintenance. “ajor repairs were jenerally accom-
plished during the off season. As noted, one
compressor had to be removed from operation during
1981, a sec~nd compressor went out after 1985. A
third compry ‘sor became unserviceable 1n September
1936. It s not certain whether it is permanently
out of comaigsion.

WATER NUALITY [MPRIVEMENT

The initial evaluation of the system [T,
1973) led to the conclusian that the D.0. concen-
trations in the release water was Jefimtely
improved by the operat'on of the system. The D.0.
W3S 1ncreased in the reservoir at denths from 2.1
to 24.4 m (30 to 37 feet), with some 1ncreise
below 24.3 m (30 feet). The fall overturn was
also observed 0 occur a month to six  weeks
earlier than normal, The increase in D.N. 1n the
reservoir manifested 1tself in higher 0.0,
concentrations in the release waters, In 1969,
with the system in full operation, the D.0.
content of peak flows exceeded 4 mg/1 for the
entire sunmer and fall periods. Low flow concen-
trations exceeded 4 mg/l, except far ore week in
late August. While the report (USCE, 1973) pro-
vides this summary, observed values at the water
quality monitor in Appendix B of the report indi-
cates values below 4.0 mg/1 did exist for short
periods during the hours of darkness. There was a
temperature increase of 2 to 4 degrees centigrade
associated with increase in 0.0, for the months of
June through Auqust.

A new continuous water quality monitor was
installed about 1 km (0.6 miles) downstream of the
dam in the early 1970's. Although the record 15
not complete due to various operational problems,
the monitor data does allow a detailed analysis of
what happens to the D.0. regimen in the release
water throughout an entire day, as well as pro-
viding data for ‘atistical analysis for longer
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Taple 2

2acord of eerationt

vear 3eqan tnded
1968 5/9 3733
1969 3z /37
1979

1971 1/22 10/4

1972 /R 9727
1973 5/22 3/24
1974

1375 123 10/3

1976 1/5 373

177 11 3/29
1373 173 3/29
1973 a2 13/1

1329 574 9/29
1981 17 3/30
12 /5 REAY
1383 1/4 3/5

1334 4’1 3/3)
1385 4/1 9/30
1336 471 a3

1Syste’ﬂ consisted of 5 sixty horsenawer compressors.
cubrc feet per second of 177 psig.

Tnitial year of Jperation. Power from comitercial
source, Operated at 30 percent capacity.

433 760 K2

Full uperation 1,091,340 KwHZ

2id no operation for comparison purposes.

714 ot operate.

Switched ) Govermment Power.

Nne cnmpressor oermanently removed “rom aperation
9/15/31.

Tne array out of operation. Three compressors
nperating most of year. Two operational after
Q/17/86.

fach compressar has 3 miatmym capacity of 250

201 Towatt hours (€44} elactrical =nergy oresented “or camparisan of energy input,  Mther years of
nner3teon are cropdrtional to neriods of operat'on and number 0° compressars operating.

oceriods. Since the destratification system 114
not operite during 17974, a very corwentent base
for comparison exists. Recognizing there would be
natural variations from year to year due to
nydralogical, climatnlogical, and operationa!l
41 fferences, a comparison of 1973 to 1374 s
nevertheless 11lustrative nf the general trend of
improvement in 1.7, produced by the destratifica-
tion system, Table 3 presents summary data from
1973 and 1974, Roth qonthly ninimum and average
monthly 9.7, values are higher with the system 1n
operation. However, thnere are a number of vimes
that *the 0.0, 15 less than 1 nq/1 whmich was not
the case stated for 1969, as 4iscussed abawe. It
is not clear whether this 15 due %0 3ctial quality
diffarences or better instrumenta%ion,

Figures 3.5 demgnstrate the 0.7, reqgiaens
far selected 4ays in late August of 1971 and 1374
associated with typical operational scenar os.
The conditions depicted generally represent worst
case scenarios since it is late in the season and
the lake is fully stratified, Figure 3 shows how

Tadble 3

“omparison of M1isolved dxygen {
in Pelease Waterss

90) values mg/1
Average D. 7. Minimym B, N,
Jal A4g Sep Jul - Aug  Sep
1973 3.9 4.2 3. 23 2.2 1.
e 20 358 2.2 3 1.3 04 99

1/ nata from water quality momtar - mles
downstrean of Allatogna Nam,

2/
0 System did not operate in 1973,

the D.0. responds *2 the operation of the larqge

turbines [(Hoth 9perating) because the zone of

withdriwal 1s from lower 1n the lake where the

N.7. levels are depressed. The J.7. 15 increasing
from an overmght low of about 4 mg/1 and s
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ioproaching 5 mg/l, apparently due to photosyn-
thetic oxygenation, when the peaking plant comes
on line and the discharge increasas dramatically
from 5.66 to 220.9 cun/s (200 to 7,300 cfs).
Correspondingly the D.0. level droos t2 about 3.4
mg/1. When the period of neaking generation ends
the D.0. increases then gradually decreases due to
respiration during the evening hours. This
operational pattern is contrasted to a weekand day
in Figure 4, where no peak discharge is made. The
D.N.'s associated with the 5.66 cum/s (200 c¥s)
release in Figure 4 is somewhat lower than in
Fiqure 3, but it apoears that diurmal variation of
approximately 1 mg/l is caonsistent.

Figures 5 and 5 depict similar time franes
and situations in 1974, when the dest-arification
system was not operated. Not onlv was *the D.0.
associated with the 5.66 cun/S (20t cf-; discharge
lower when compared %o 1973, but the depression in
N.7. reached about 1.2 mg/7 contrasted to a
minimum of 3.4 mg/1 in 1973, Figure & represents
a situation when only one of the large generators
is put on line for two separate two-hour periods.
Again, the response of the 0,7, is graphically
displayed.

Another way to compare the impact of the
destratification is the pounds per day of D.0. in
the release water. The computed values are
15,150, 2,025, 7,954, and 2,3A4 kilograms (33,330,
4,455, 17,500, and 6,300 pounds) per day for
Figures 3 through 5, respectively. n this bhasis
the pounds of N.N. available in Figure 5, for
waste assimilation and for uyse by aguatic organ-
isms, was only 52 percent of that in Figure 3.
The average discharge in Figqure 3 was 46 cum/s
(1,625 cfs), which was 1.25 times more than in
Figure 5, so while part of the difference can be
explained by the increased discharge, the
destratification system still made & significant
contribution to the 0.7. regimen.

PROPNSED REPLAC EMENT

In 1988, olans and specifications were
issued to replace and upgrade the Allatoona
jestratification system, The design was essen-
tially the same as the original with a few
improvements such as:

3., A byilding to house the compressors.

b. Three 139 horsenower comprassors to
deliver 14.2 cum/minute (500 SCFYY each at 170
0sig (an increase in total air of 250 SCFM).

c. 'lograded diffuser tubes.
4. Revised submerqed float.

e. Yograding all qgalvanized Dipe n the
arrays and supply lines %0 stainless steel.

Bids were npened with 3 1ow bi4 of %413 373 and g
contract was awarded in 1734, In January 1735,
the successful  contractor submitted 3 J3lue
Engineering proposal to syhstitgte a4 "Contyagngs
Laminar Flow [aversion/Myqen” syst2 €9r *he
designed concent. The Mohila Mstrict reqiestad
the assistance of Waterways ELxperiment St3tign
{WES) in evaluattng the nronosal. This eyl gt an
produced two s‘gymificant canclsions, g
(WES, 1985) ¢he contractar propnsal was f3,nd )
be questionable oar lacking “rom a2 nphar  Hf

perspectives and rejection was recommended.
Secondly, it was concluded that the destratifica-
tion desijn could bhe improved in several areas,
such as diffuser location, type diffuser, lowering
diffuser loading rates, and spacing, as well as
the configuration of diffusers. BRased on these
findings the replacement contract was terminatad
and consideration was given to a redesign of the
destratification of the system.

CONCLUSTONS

The Allatoona destratification experiment is
considered to be a success even though it 4id not
destratify the lake and most likely its effective-
ness could be improved upon. A system designed to
perform for two to three years has operated for 19
years. dhile the State of fGeorgia standards for
D.0. of 5 mg/1 are not always met, the 0.0.
concentration in the release waters has been
increased substantially, As of this date,
although therz have been discussions with WES on
how the system could be improved, redesign has not
been initiated due ta higher oriormty efforts,
However, the existing system was operated through-
out 1986,

It is possible that *the system design could
be improved with a resulting 1ncrease in D.0. n
the release waters. It is not known if the antic-
ipated increase would be sufficient to oroduce a
0.0. regimen that would meet State Standards at
all times. Mher measures, such a5 turbine vent-
ing, could also be incorporated 1€ determined to
be necessary, engineeringly feasioie, and cost
effective.
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PNEUMATIC DIFFUSERS

P. L. Johnson, P.E.

Hydraulic Engineer, Bureau of Reclamation, Denver, Colorado

ABSTRACT

Pneumat c g'ffusers are devices which aerate
and destrati1fy reservolrs through the use of

free atr Dbubble plumes. They are widely used
to ennance the quality of reservolr water and
reservolr releases. Experience indicates that

pneumatic aiffusers offer a proven and cost effec-
tive treatment technique. They function by upwell-
'ng  oxygen Jepleted hypclimmion water toward
the surface w~here 1t mixes with oxygen rich meta-
ltmnion and epriimnion water. Use of pneumatic
drffusers results 1n varying degrees of destrati-
fication ZJepending an the design.

“n1s paper 1s a limited overview of pneumatic
2ffusers. Tre paper ncludes discussion of
basic theory, possible resulting reservoir impacts,
design, and dozumented freld experience.

INTRODUCT I ON

Numerous devices and techniques are avallable
to e'ther treal or rectify the problems associlated
with 'ake stratification and hypol!imnion oxygen
deplet-on Jptions 1nclude operational approaches
such 4as use of deep 'evel outlets to minimize
"yDo'1Mnion resrdence times, rederation of releases
through  use of  graft  tube aeration, turbulent
st ' limg pastns, ar use Jf release structures
*mat wou'd 3:%'vely derate the flow, use of selec-
t've w'th3rawa’ 0 preven’ the release of anaerab'¢
water, aerat'on of ta‘lrace flows through use

3¢ Strustures  sucm 35 rock or naffled weirs,
Ir geration 0f tne reseryolr There are numerous
10%INS avatad’e for 'n-reservolr  aeration
Jptrars ‘rc’uce  Mypolimnion aeration  devices

and 30 ¢f 582 meTenylar dxggen whi'ch o are expens)ve
Jut whil" 10 "0t 1'sturd the reservolr temperature
Stratif-oatoagn and lestratifization dependent
lev' es 'nuluding Mgarau’t L guns,  mechanical
JumpTng, ang preumat o 1°¢¢ sers

TMe  a5prnprrate el e i tesnntque  far
JS8 3T an, ytte t5 g turattan ¢ cme spe tfc
5Tte Wttty omtaTagr 3T, memt g’ and Dhystal
"3y tercitc 3 gnd 4 tre bl tives  f Tne
c@ypryt ir treytmen’ ‘re né erce if *he qev @
roSets tamperat ,re 40 . 155G ven Jeygen
B A
The Greumat ot e “ e iube ¢
L SO cre Myt . mpresses 4 1044 s
coeane 4 r o meTen 4t erte mtmem 4 cmqery
[ . N e e, e teeage ee
re we oo N - S, S ey -, R ¥ LB .
raar arc art 4 mmert B L
L LT Lroue ey R e el Bten
ez oor et WP adter g Jowe et
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rich metalimnion and epilimnion water. The
mixed water sinks to an intermediate leve!
dictated by its temperature. Stratified

Circulation cells that extend over large areas
of the reservoir result. Pneumatic diffusers
can effectively and economically aerate
hypolimnion water. In many cases the number
and extent of surface algal blooms are reduced.
Use of the device does yield at least partial
destratification with surface cooling and
hypolimnion warming.

The 1impact of a diffuser on a reservoir
is a function of the specific reservoir and
the specific diffuser with its bubble plume.
A diffuser should be designed to fit the needs
of a reservoir with its specific temperature
and density structure and with its oxygen demand.
To evaluate reaeration needs, reservgoir parameters
including reservoir volume, reservoir geometric
configuration, temperature and density stratifica-
tion, oxygen demand, inflows, and outflows must
be considered. In addition, the performance
of a diffuser is a function of diffuser length,
diffuser configuration, diffuser position within
the reservoir, diffuser submergence, the size
and spacing between diffuser orifices, and the
air discharge per orifice.

RESERVOIR PARAMETERS

To define the 1nitial reservoir conditions
from which modification would be made and to
define the extent of the desired modifications,
the ohysical and chemical characteristics of
the reservotlr should De understood.

Reservorr volume and Geometry

Reservoir volume and volume distridbution
as & funciion of depth are parameters required
o define both the stability of tre reservolr
ang the 1tota! oxygen demand of the rrservolr
Stabritty 15 a measure of the density stratifica-
ton {t 'S the energy required, with 100 percent
effrrrent mixing, to fully mix the reservoir.
S5¢8b1l %ty s Jefined 45 the work requ'red to
move the total reservgolr mass from the elevat:ion
~¢ cme  enter of grayity ‘o the e'evation of

‘he  entrotd uf the reseryolr Jestrat - cat on
"Tpa- *s . an bDe eva ,ated a5 A reductron of staprl-
‘o Th o 4rrd ke aleygtting 3f MGth *hp  pnter
¢ yravtty ant tre  en*rarg, he vl me-depth
RPN L AU L L A T, T R AR L B Y
L Thp B ayat o e tma srtar ¢ HITEAE
el T e A S VR A 1> B IVE
Tre Cempery’ ,re SRt nLt o r mrtn ot Myt
1. Ne ariwr




The reservoir volume to depth relationship
is also used along with observed or predicted
D.0. profiles to determine the total 0.0. within
the reservoir. To do this, the product of the
0.0. concentrations and reservoir volume a-e
integrated over the reservoir depth. Comparis.-
of total D.0. values through the stratified season
yields evaluation of total oxygen demand within
the unmodified reservoir. If this demand is
then compared to a similar D.0. decline rate
for the modified or aerated reservoir (which
reflects minimum acceptable D.0. levels), than
a required diffuser aeration rate is found.
This aeration rate is used in conjunction with
diffuser reaeration efficiencies to size the
diffuser system.

Reservoir Density Stratification

Mixing action due to a pneumatic diffuser
results from shear and drag energy transfer from
the rising bubble curtain to the surrounding
water. This yields an upwelling of the deep,
dense, low oxygen water. This water rises into
warmer, less dense water where gravitational
effects tend to pull the upwelled water downward.
The upwelled water 1is therefore influenced by
momentum established by the bubble plume and
by the negative buoyancy which results due to
temperature differences. If the bubble plume
is concentrated containing large bubbles, or
if the temperature and density stratification
is weax, the bubble curtain may dominate over
the negative buoyancy and the deep water will
be upwelled to the surface. However, with a
dispersed curtain made up of small bubbles with
reduced momentum, or with a strong density
stratification, velocities established in the
upwelled water may not be sufficient to completely
overcome the negative buoyancy. Under these
conditions, the upwelled water will detach from
the bubble curtain and sink back to depth without
reaching the surface. Reaeration is  thus
influenced in that strong upwelling to the surface
yields fairly localized but relatively intense
mixing between the upwelled hypolimnion water
and the epilimnion and thermocline water (the
main source of hypolimnion reaeration). Also,
if the hypolimnion water is supersaturated with
any gases (nitrogen, hydrogen sulfide}, the
upwelled water would be more readily stripped
of the gas under these conditions. Weaker
upwelling which may not reach the surface could
result in mixing with only the thermocline and
lower epilimnion water. This mixing would be
at a reduced intensity level and would result
in  reduced localized aeration and degasing.
Weaker upwelling, however, results from the use
of a more dispersed bubble plume which also results
in the mixing occurring over a larger area.
The findings of a study by Johnson (1980) indicates
that the widespread plume yields substantially
more oxygenation and destratification per wunit
of energy consumed. Thus, although localized
destratification and aeration are reduced, total
destratification and aeration are increased.

In addrtion to differences in efficiencies,
drfferences 1n mixing patterns result due to
variations in bubble plume density and reservoir
stratification. This 1s shown on figure 1 where
typical midsummer temperature and 0.0. profiles
are shown for a reservoir with no reaeration,
for the same reservoir with point source diffuser
operation (concentrated bubble plume), and for
the reservoir with line diffuser operation (dis-
persed bubble olume). The point source diffuser
caused breakdown of the thermocline with warming
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of the hypolimnion resulting in nearly linear
temperature and D.0. profiles from the diffuser
to the surface. This indicates that substantial
mixing is occurring throughout the water column,
although the mixing is not sufficient to create
a homogeneous water body. On the other hand,
the line diffuser, although still showing sub-
stantial mixing influence, did not break down
the thermocline as much. This pattern was
observed over a wide range of line diffuser
airflow rates. Note that the mixed hypolimnion
is fairly homogeneous and that a distinct
thermocline and epilimnion exist. This indicates
that the upwelled water detaches from the bubble
curtain in the thermocline and that the diffuser
is mixing the hypolimnion well. A second
thermocline and oxycline 1is developed at the
diffuser elevation. Below this 1is undisturbed
hypolimnion.

ot Tt

oleTh

—

¢
} N EETIYH

L J L
a e« & 8 1o 't e 2 1 & & °
tEMPERATURL % B

Figure 1. - Reservoir profiles.
Reservoir Flowthrough

Flowthrough represents a source of mixing
which 1n some cases may be so substantial that
reservoir stratification will not form. A rule
of thumb indicates that if the total annual
flowthrough is less than 10 times the total
reservoir storage capacity, the reservoir will
stratify, and if the total annual flowthrough
is greater than 20 times the total storage
capacity, the reservoir will be mixed. Of course,
this is quite rough and does not define
intermediate conditions. However, it should
be noted that even if stratification does occur,
substantial flowthrough will weaken the
stratification and likely increase hypolimnion
D.0. levels.

Stratified inflows or outflows may result
in either freshening of oxygen-depleted water
in the reservoir or removal of oxygen-depleted
water from the vreservoir. Stratified 1inflows
will settle in the reservoir at the elevation
where the reservoir water has the same density.
[f the i1nflow, which may be high 1n D.0., settles
in an oxygen-depleted zone, then aeration or
freshening of that zone could result. Likewise,
through the use of selective withdrawal, hypolim-
nion water may be constantly removed from the
reservoir and released to the downstream channel.
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In some cases where flowthroughs are adequate,
this inflow-outflow mechanism may be used to
maintain satisfactory hypolimnion D.0. levels
with no additional reaeration.

The influence of stratified inflows and
outflows on reservoir temperature stratification
and thus reservoir stability can be evaluated
through the use of any of numerous mathematical
thermal and hydrodynamic simulation models.
In recent years, efforts have been made to extend
these models to obtain prediction of D.0. profiles
within the reservoir. Both the temperature and
D.0. prediction models require substantial
reservoir and inflow physical and chemical data
as well as atmospheric data. Their predictive
accuracy is 1limited, but certainly sufficient
to describe likely temperature and D.0.
development patterns.

DIFFUSER AND BUBBLE PLUME PARAMETERS

The influence of a pneumatic diffuser on
a reservoir is strongly controlled by the size,
physical nature, and positioning of the bubble
plume. Numerous parameters influence the bubble
plume. These parameters should be understood
if an optimum design is to be obtained.

Submergence

The depth of diffuser submergence controls
the vertical height of the bubble plume and,
therefore, controls the path Tength of interaction
between the bubble plume and the water body.
Work done by Straub (1959), Kobus (1968), and
Bulson (1961) disagrees on the exact relationship
but indicates that the quantity of water upwelled
is a function of unit air discharge rate (air
discharge per unit length of diffuser) and submer-
gence. These parameters influence both the
cross-sectional area of the plume and the upward
velocities within the plume. Cederwall and Ditmars
(1970), in their analysis of the KXobus data,
find the plume half-width equal to:

2 H
b - Y2 9% Ho w2 (1)

\/:r(l +12) Ug v

where qo is the unit airflow rate at atmospheric
pressure, Hy 1is the barometric head, A is the
plume spreading ratio (Kobus found this to be
practically a constant over the airflow range
he studied; a reasonable assumed value is 0.2?.
Up is the bubble slip velocity (which can be
considered equal to the terminal rise velocity
of a single bubble), and We/V is a parameter
that is evaluated using figure 2. To use figure 2,
the parameters Z and G must be evaluated:

C Hp ¢ H - X
e L @
and
6 V2 (Hy + H) = (1 +2) Ug (3)
9% Ho

where H is the submergence, X is the vertical
distance from the diffuser to the station of
interest, and « is a coefficient of entrainment
that is a function of unit airflow rate as indi-~
cated on figure 3.
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Figure 3. - Coefficient of entrainment.

Field observations indicate that the
Cederwall and Ditmars equations give a reasonable
prediction of plume half-width.

With a known plume cross-sectional area,
in particular at the top of the hypolimnion,
and with a known average velocity across the
plume section, upwelled discharges and, in
particular, upwelled discharges from the
hypolimnion can be computed. The velocity
distribution in upwelled plumes is a function
of bubble density and size. For smaller bubbles
less than 15 mm in diameter it appears that
a Gaussian velocity distribution is
representative. Cederwall and Ditmars give
the centerline upwelled velocity (Uy) to be:

1/2
Up = (1 +22) Up o (@)

where V/W is a parameter that is evaluated using
the parameters Z and G 1in conjunction with
figure 4.
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Figure 4. - V/W evaluation.

They note that for a line diffuser in a
homogeneous fluid, the velocity distribution
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through the rising plume may be approximated
by:

-y2/p2
U=4Upe Ye/o (5)

where Y is the lateral coordinate of the local
plume velocity U. An integration of this velocity
distribution over the plume width yields the
upwelled unit discharge:

g U (6)

Depending on reservoir density stratification
strength, there may be small or significant
reductions from predicted wupwelled discharge.
The presented analysis may, however, be used
to obtain an approximate evaluation of the effect
of submergence and guide design modifications.

To maximize diffuser impact, the diffuser
should be 1located as deep within the reservoir
as possible. Therefore, depth of submergence
is Tlargely a function of the reservoir depth.
At the same time, the diffuser must be kept a
sufficient distance above the bottom to prevent
mixing of bottom sediment. Experience indicates
that line diffusers have an influence to a depth
approximately 5 meters below the diffuser.
Five meters thus appears to be an adequate distance
to place the diffuser above the bottom.

Diffuser Configuration

Diffuser configuration controls the shape
of the resulting bubble plume. A straight-line
diffuser will yield a single-plane bubble plume
while a circular diffuser will yield a cylindrical
bubble plume, and a single point diffuser wil}
yield a single-column bubble plume. The shape
of the plume affects the area of the plume that
comes into effective shear and gas transfer
interaction with the main body of the reservoir,
A single-plane bubble plume, if centrally located
in the reservoir, will have effective gas transfer
and shear on both of its sides. This offers
an optimum potential for interaction with the
reservoir, The literature contains 1imited
information on the influence of bubble plume
shape. Cederwall and Ditmars {1970) analyzed
both line and point diffusers. Their analysis,
which is based on a homogeneous reservoir, when
applied over airflow discharge ranges used at
field sites indicates that for equal total airflow
rates, the line diffuser will yield between 2.5
and 3.5 times more upwelled hypolimnion water
at the thermocline than a point source. No
information was found that compared straight-line
diffusers to line diffusers of other
configurations.

‘n addition, the diffuser should be located
such that both sides of the bubble plume have
access to the main reservoir body. The diffuser
should not be placed where the tsbble plume would
1solate a small portion (for example, a bay)
of the reservotlr from the main body. In such
a location, one side of the bubble plume might
nave reduted Influence which could result 1n
a decrease of t¢otal drffuser efficiency

Bubb'e Srze anre Urstribution

25 n3tad, bubble s'ze and  drstrebution

wi ]l substanta'ly influence the dynamic
ngractertstics af  tre bubble plume Thig 1n
tarn Wil ogttert gr1€éuser effrivency and resulting
reservolr  'mpac® Bubble s17e and Aistridution

are a function of the size of the diffuser
orifices, the airflow rates through the orifices,
and the spacing between the orifices. Bubble
size and distribution affect the water-air
interfacial area, the bubble rise velocities
in the plume and, in general, the gas and energy
transfer from the plume to the reservoir. Smaller
bubbles have higher surface area to volume ratios
and develop proportionally more drag than larger
bubbles. Thus, they have better gas and energy
transfer characteristics. If these bubbles
are widely dispersed, they will have increased
potential for contact with the reservoir body
and their effectiveness will be further improved.
Concentrated bubble plumes develop higher velocity
center cores which have reduced interaction
with the reservoir body. Thus, the relative
energy and gas transfer potential of the plume
are reduced.

Similar research studies have been conducted
by Neilson (1972), Holroyd and Parker (1949),
and Camp (1963) which have evaluated the aeration
potential of pneumatic aerators. These studies
were conducted in small volume laboratory test
facilities. The tests were run with homogeneous
oxygen-depleted water. A limited range of bubble
sizes were evaluated and very low density bubble
plumes were wused. These tests evaluated as
separate factors the aeration across the reservoir
water surface, the aeration from the rising
bubbles, and the aeration that results due to
bubble bursting at the reservoir surface. These
studies indicate that for typical pneumatic
aerator sites with 5 mr to 15 mw bubble diameters
that gas transfer across the reservoir water
surface comprises more than 95 percent of the
total aeration gas transfer. These studies
indicate that direct gas transfer from the rising
bubbles is small and that bubble diameters would
have to be substantially reduced to make this
a significant factor.

Upwelled Discharge

Bubble size and distribution also influence
the velocity distribution within the plume,
the rate of plume spread, the rate of surrounding
reservoir  water entrainment, the resulting
upwelled water discharge, and thus aeration
and reservoir destratification. Bubble size
influences bubble shape, the drag interaction
be tween the bubble and the water, and
consequently, the rise velocity of the bubble.
Larger bubbles yield higher rise velocities
and reduced relative drag and energy transfer.
Bulson (1961) and Wilkinson (1979) show that
for large airflow rates with wunit discharges
greater than 15.8 std. {(L/s)/m of diffuser,
velocity distributions vary markedly away from
Gaussian with increased centerline velocrities,
while with smaller bubbles and recuced a'r
concentrations the veiocity distribution 'S
nearly Gaussian. Centerline veloctties within
the plume are higher than the ‘terminal rise
velocities of -ndividual bubbles. 4s previously
observed, velocities within the plume are also
a function of submergence. Etvaluation of trese
veloctities 1S arscussed m the submrgemﬁ
presentation earlier 'n thys report A theor:red
by Taylor ana as exper'mentall, verifras n,
Straub, et gl 1959, Barnes ang Ham:tan (990
and Evans 1955), tme max'-m velor 'ty r tre
plume for reduced a'rfiow rates varies w'th
the arrflow rate o the O 33 power Rotn Ner'sen
(1972) and W)’ nson 1474 rpte that  bubhie
plumes with smalier hubb'es and redu pd 2% w
rates yreld nigher L owe led  waler  ttL.rarye
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Thus, they conclude
a more efficient

to airflow rate ratios.
that this type of plume has
upwelling action and that wunit airflow rates
should be kept low. From Kobus's work, Wilkinson
(1979) concludes that unit airflow rates should

be held below 10.0 (L/s)/m of diffuser.
Minimum Diffuser Differential Pressure

To keep the diffuser purged of water and
to maintain relatively uniform airflow over the
diffuser lengths, a minimum differential pressure
of at least 10 kPa should be maintained across
the diffuser orifices. This has been confirmed
by field observations.

Bubble Size

A theoretical analysis by Van Krevelen
and Hoftijzer (1950) may be used to analyze the
size of bubble produced by a diffuser. They
show that for small air flow rates, bubble size
at or immediately above the diffuser is solely
a function of orifice diameter. For larger air
discharges, bubble size is found to be a function
of the air discharge at the orifice to the
0.4 power. The findings of this analysis are
summarized on figure 5. For bubbles smaller
than 7 millimeters 1in diameter, this analysis
was verified by experimental work by Coppock
and Meiklejohn (1951). Field observations
approximately confirm these findings. Differences
in orifice orientation and/or flow conditions
past the diffuser may cause variations.
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Figure 5. - Bubble drameter.
Bubble Rise ve'ocity

Haberman and Morton (1954) show that the
terminal  rise velocity of individual bubbles
'n unfiitered water 's solely a function of bubble
volume . "ne, f:nt that Dbubble shape changes
with volume from spheres to ellipsoids to spherical

- 131 A grapnical  relationsrip 15 developed

frg. A1 that  relates terminal  veloCity to
equtva.ent nubble ragd:us The vquivalent radiys
‘s fnund by _onverting tme bubile vo'ume, for

whatever shape the bubbie might be, 'nto a sphere

and determining *Ne r3ltys
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Figure 6. - Terminal velocity.

In summary, a diffuser that creates a
bubble plume made up of small, well dispersed
bubbles will yield increased oxygen transfer
from the rising bubble, increased upwelled water
per unit volume of air and thus, increased
reservoir surfac. aeration and increased
destratification. Al: of this results in response
to the increased total bubble surface area,
increased relative drag, and increased plume

entrainment that occur due to the small, dispersed
bubbles. Good bubble dispersion 1is obtained
through the use of a fairly long diffuser which
allows for substantial spacing between orifices.
A 0.3-meter center-to-center spacing has been
used successfully at several sites. Small bubbles

are obtained through the use of small orifices
which operate with a minimum differential
pressure. One-millimeter-diameter orifices

represent a minimum diameter that can be easily
field drilled. A differential pressure of 10 kPa
appears to be about the minimum that could be
used while keeping the diffuser flushed of water
and maintaining fairly uniform air dispersion.
The orifices can be drilled in the diffuser
sides and alternated from side to side. Limited
laboratory flume studies show this arrangement
to yield fncreased entrainment over that obtained

with the orifices placed in the top of the
diffuser pipe. Alternating the orifices from
side to side balances the forces exerted by
the air releases on the Jiffuser.
SAMPLE DESIGN

As an initial step, the size or extent

of the problem to be treated is defined. To
¢o this, the size of the impouncment to be treated
and thus the volume of water to be treated should
be determined. Likewise, the expected oxygen
demand in the untreated impoundment and desired
oxygen decline rates in the treated reservoir
should be defined. Expected oxygen demand in
the untreated impoundment may be evaluated through
observation of  historical data for  that
impoundment, through observation of the oxygen
response in similar impoundments, or through
the use of D.0. prediction mathematical models.
It should bde noted that oxygen demand observed
from historical data or from similar reservoirs
will vary over the short term, for example,
because of the decay of aigae blooms or flooding,
and over the Tlong term, for example, because
of reservoir maturing or seasonal variations.
A decrsion must be made as to whether reaeration
system design should be based on typical oxygen
decline rates or on some extreme value. Si2ing
a system based on an extreme decline rate will
y'eld a system that 1s oversized for most cases
and thus may have both excesstve capital and
aperating costs However, s)zing a system based
on a typrcal or mean decline rate will yreld
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a system that is wunable to meet all desired
demands. The design D.0. reaeration rate selected
generally depends on how critical the reaeration
is.

It appears that historical data for the
reservoir of interest may supply the best estimate
of initial untreated D.0. demand. Similar reser-
voirs can supply a good estimate of untreated
conditions. However, care should be taken to
ensure sufficient similarity. The comparison
impoundment should be 1in the same vicinity as
the impoundment of interest, should experience
fairly similar climatic conditions, and should
be of similar depth or at least deep enough to
allow similar thermocline and hypolimnion
development. The comparison reservoir should
experience similar inflow and release discharges.
The relative influence of the flowthrough should
be similar and thus the relative magnitude of
the discharges versus reservoir volume and the
stratified flow response of the flows in the
reservoirs should be similar. This also implies
the need, where multiple release structures exist,
to have similar operating characteristics for
the two sites. Finally, for a good comparison
of D.0. response, the oxygen demand of the two
reservoir hypolimnion should be similar. This
generally implies that the impoundments have
similar nutrient characteristics, biological
productivity, and that they are biologically
managed in similar ways.

As previously noted math models may also
be used to predict initial or untreated reservoir
states. Use of the models requires substantial
data bases; the models are best applied where
sufficient data exist for verification. With
Timited input data and with no historic profiles
to help fit the model, only approximate predictions
and guidance can be obtained.

After determining the untreated D.0. state
of the reservoir, minimum acceptable D.0. levels
should be selected. Desired uses of the water
should be considered 1in this selection. For
example, if the objective 1is to prevent the
development of anaerobic conditions, a level
of 2 mg/! might be selected. However, if the
objective 15 to maintain a trout fishery, a minimum
accepable hypolimnion D.0. level of 5 mg/1 might
be selected. Noting then that the epilimnion
water will tend to be saturated in 0.0., and
considering the degree of destratification or
variation away from a traditional two-layer density
profile (discussed earlier in the paper) that
would result, estimated treated 0.0. profiles
can be obtained. These profiles are an
epilimnion-hypoiimnion composite with a transition
between the two Jayers. Hypolimnion 0.0. levels
will decline from saturation at the start of
the stratification season to minimum acceptable
values Just prior to fall turnover. By noting
the total D.0. mass decline for the treated
reservoir {as indicated by the developed profiles),
and dividing by the expected strat:fication season
length, an acceptable total D.0. mass decline
rate is obtained. For example, 'f it 15 found
that an acceptable total D.0. mass decline of
5 x 105 kg 0p could occur over the stratified
season and 1 f the expected stratified season
Tength s 200 days, an acceptadble total D.0.
decline rate of 2,500 kg 0p/day could be tolerated.
It should be noted that f destratification
accompanies the reaeration then the stratified
season will be shorter than 1t would be 1n the
untreated reservoir.

A similar computational process can be
done for the untreated reservoir. The total
D.0. mass content of the reservoir at the start
of the stratified season <can be computed.
Likewise, a total D.0. content at the end of
the stratified season or when the hypolimnion
goes anaerobic can also be computed. Note that
once the hypolimnion goes anaerobic, the total
oxygen decline rate changes because there is
no oxygen left to be depleted. Again, by taking
the difference between the total D.0. mass at
the start of the season and the depleted total
0D.0. mass, the total D.0. mass decline that
occurs in the wuntreated reservoir 1is found.
When this 1is divided by the time period, the
stratified season length, or the time length
to an anaerobic hypolimnion, the total oxygen
decline rate in the untreated reservoir is found
(for example, 3 700 kg Op/day). The difference
between total D.0. decline rates (3700 to
2 500 kg 0Op/day) represents a reaeration rate
that must be supplied by the device.

It should be noted that the untreated
0.C. levels in the reservoirs which were obtained
either from historic data, a similar reservoir,
or mathematical models include the influence
of inflows and releases on reservoir D.0. This
does not however consider oxygen demand of the
oxygen-depleted flowthrough. In these cases,
it may be required to size the reaeration system
to treat both the reservoir and the flowthrough.
Noting flowthrough volumes and desired D.0.
levels, estimates of required additional
reaeration for the flowthrough can be obtained.

With a knowledge of the required total
oxygenation or reaeration rate (1 200 kg 0p/day
for the example), the reaeration system may
then be sized. The pneumatic diffuser
efficiencies shown in figures 7 and 8 may be
referred to. The efficiencies were obtained
for a straight-line diffuser submerged at a
depth of 46 m. Air was supplied to the diffusers
with rotary screw, electric motor-driven,
single-stage compressors. Energy losses through
the distribution piping and diffuser system
were less than 4 percent of the available energy
in the air flow at the compressors. The
efficiencies shown in figures 7 and 8 reflect
this particular compressor and distribution
system aesign. Compressor selection and
distribution system design can significantly
influence efficiencies. Thus to directly apply
the efficiencies shown in figures 7 and 8 the
compressor and distribution system should be
similar to that mentioned above. variations
from this design can be computationally
compensated for. In figures 7 and 8 the
efficiency bands labeled "Diffuser System" should
be used. These efficiency bands reflect
uncertainty 1in efficiency evaluation and thus
uncertainty in actual efficiency values. By
referring to the efficiency data shown in
figure 7, and knowing the required reaeration
rate (1 200 kg Op/day) and a selected unit air
flow rate (for example 0.6 std.L/s/m of diffuser)
a reaeration efficiency can be determined
(3.5 kg 0p/kWh) and a required energy consumption
rate obtained (343 kWh per day). For the
previously described compressor and distribution
system this energy consumption rate corresponds
to a system supplied by a 19.5-horsepower,
37 std.L/s capacity compressor.

Johnson

-

EA c‘\“"\‘! ]
[ ]

-_

. e e ®s *; et




NTERMITIEN T IegRaT Om
TOoNSIRTED OF & PEM S0.C

Ay 0 .
CE anD @i Tw an
THe TEMACRATURC

AR OiSCHaARGE 1170 PUA EEULR)

umi

Cut S Lme ITaTEM

0 v . g 0 n . o
ONVMANATION (FFCHNCT ing Oyivm- W !

Figure 7. - Oxygenation efficiency.
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Figure 8. - Destratification efficiency.

This sizing was based on an assumed unit
air flow rate of 0.6 std.L/s/m of diffuser.
This is approximately the minimum unit air flow
rate that could be effectively suppiied by the
diffuser as designed. As previously noted,
findings indicated that more widely dispersed
bubbles (smaller unit air flow rates) yield higher
reaeration efficiencies. The 37 std.L/s air
discharge with a unit air flow rate of 0.6
std.L/s/m yields a line diffuser that is 61.7-m
long. As previously noted, it 1is recommended
that this diffuser be constructed with
1.0-mm-diameter orifices placed at 0.3-m centers.

This design assumes diffuser submergence
to be 46 m (the depth that the efficiency curves
were developed at). [f reservoir geometry dictates
a diffuser submergence of for example 60 m, then
diffuser length, unit air flow rate, and thus
total air flow rate can be adjusted to compensate.
To do this, equations 1, 2, 3, 4 and 6 and
figures 2, 3, 4, and 5 can be used. If the
upwelled discharge is computed at the approximate
bottom of the thermocline for the 60-m submergence
and compared to the corresponding upwelled
discharge with 46 m of submergence, a compensation
factor can be evaluated. If the bottom of the
thermocline is predicted to be at 9 m depth (51 m
above the diffuser) a computed upwelled unit
discharge_ at that location in the plume would
be 1.44 m3/s. Using the same equations and figures
the upwelled discharge at the 9-m depth ?37-m
above the diffuser) is 0.97 m3/s/m with 46 m
of diffuser submergence. Thus the increased
submergence would yleld a 48 percent increase

in upwelled hypolimnion discharge. To obtain
the desired impact, the 0.6 std.L/s/m unit air
discharge could be maintained and the diffuser
length reduced by 33 percent. This would yield
a 41.6-m long diffuser with a total required
air discharge of 24.9 std.L/s.

A similar computational process could
be wundertaken if diffuser submergence was to
be less than 46 m. For this case analysis
indicates the need for either a longer diffuser
or increased unit air discharges. Increased
unit discharges are used at the expense of reduced
reaeration and destratification efficiencies.

With the diffuser sized, numerous other
design problems can be addressed. Included
is sizing of the distribution and diffuser piping;
selection of valves, instrumentation, compressors,
compressor shelters, and system security; and
design of anchors, floats, and retrieval gear.
It is strongly recommended that the designer
contact or visit existing installations. Much
fabrication, operation, and maintenance knowledge
can be obtained through experience.

Two final factors should be considered
in reaeration system design. First, since
destratification results from system operation,
satisfactory reservoir temperatures may or may
not be obtained. Typically, destratification
cools the epilimnion and warms the hypolimnion.
If the reservoir is intended for a temperature
dependent use, such as for a cold water fishery,
then a conflict may result. Sufficient reaeration
to yield the desired D.0. levels may produce
unacceptable temperatures. Figure 8 shows pneu-
matic diffuser destratification efficiencies
as a function of unit air discharge. The effi-
ciencies were obtained using the previously
described diffuser design. A technique similar
to the one presented in this paper for reaeration
may be followed to evaluate the destratification
influence. Initial untreated temperature profiles
can be determined, untreated reservoir stabilities
computed, destratification influence on stability
evaluated (using system size determined from
the reaeration computations and appropriate
destratification efficiencies), and the impact
on temperature profiles found. I[f the temperature
impact is unacceptable, a treatment device that
would yield less or no destratification could
be selected.

A final consideration is potential nitrogen
supersaturation development within the reservoir.
Supersaturation may develop either from direct
gas transfer from air bubbles or from the warming
of the water that results with destratification.
Warming lowers the saturation concentration.
Thus warming can yield supersaturation even
with no additional gas transfer. Fast and
Hulquist (1982) show the degree of supersaturation
development to be a function of diffuser design
and mixing intensity. In many cases, nitrogen
supersaturation development does not pose a
problem. Because of submergence, dissolved
gas levels at depth within the reservoirs are
typically well below saturation levels. Likewise,
high turbulence releases or high turbulence
tailrace flows can strip the excess gas from
the release water and alleviate the problem.
Only where low turbulence submerged releases
(such as power releases) are made does the
supersaturation .pose a problem. Where
supersaturation is a problem, hypolimnion aeration
may be required.
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FIELD EXPERIENCE

Pneumatic  diffusers are widely used,
sometimes successfully, sometimes not. Frequently
the cause of wunsuccessful application is lack

of understanding of basic reservoir hydrodynamics,
of bubble plume hydrodynamics, and of the inter-
action between the two. For example, diffusers
have been installed at relatively shallow reservoir
sites at which the hypolimnion thickness is small.
Bubble plume interaction with the hypolimnion
is very limited and consequently the quantity
of hypolimnion water upwelled is small. The
result is metalimnion and epilimnion mixing with
very little hypolimnion influence. At other
sites extremely concentrated bubble plumes have
been used which, because of the inefficient use
of the air, have been ineffective.

sites for which well
documented reports on successful application
are available. These reports contain not only
details on the aeration system design but also
details on physical, chemical, and biological
reservoir impact. Some of the better references
are those by Barnett (1975); Bowles, Powling,
and Burns (1979), and Fast (1968, 1971).

There are several

CONCLUSIONS

Pneumatic diffusers offer a proven technique
for reaeration of reservoir water. As with all
reaeration options pneumatic diffusers have
specific traits that may or may not make the
device desirable for specific applications.
Depending on the site and the reaeration objective,
pneumatic diffusers can offer a cost effective,
dependable treatment option. Through a process
of definition of specific reaeration objectives
and consideration of various parameters that
influence diffuser performance, a diffuser system
can be designed to meet the needs of a specific
site. Pneumatic diffusers achieve efficient
reaeration through reservoir destratification.
This results in at Teast a partial vertical mixing
of the reservoir which results in epilimnion
cooling and hypolimnion warming. Destratification

may result in reduction of surface algal blooms
and development of nitrogen supersaturation in
the hypolimnion. Nitrogen supersaturation may

or may not pose a problem depending primarily
on the type of reservoir release.
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RETRO-FITTING FOR HIGH-LEVEL RELEASES
TO IMPROVE DOWNSTREAM QUALITY

Richard E. Punnett, PhD

Hydraulic Engineer, Corps of Engineers, Huntington District, WV

ABSTRACT

Historically, the downstream releases from Sutton Lake, West
Virginia, experienced turbidity and temperature problems because
of hypohimnetic releases. To provide for epilimnetic releases, a semi-
circular conduit was retro-fitted to the face of an existing dam.
Improvements in the quality of the releases have been noted.
Operational guidelines, which are a product of interagency
coordination, have been developed.

AUTHOR'S NOTE

The written paper was not available at the time of publication.
Therefore, the following synopsis was provided in lieu of the full
report.

SYNOPSIS

After Sutton Dam, West Virginia, began operations 1n 1961, a
distinct turbidity problem was incurred which adversely affected
downstream recreation. The dam had five flood conduits located at
the bottom of the lake and did not have a high-level low-flow outlet.
Following a storm event, the initial release water had low turbidity
even though the downstream tributaries were turbid. After a few
days of flood releases, the outflow became turbid and remained turbid
for extended periods of time tlong after the downstream tributaries
became clear). Turbid inflows into Sutton Lake were passing through
but the time delay resulted in a few days of high-volume, clear

outflows which were followed by many days of low-volume, turbid
outflows. Downstream recreation, especially sport fishing, was
degraded for several weeks following a single flovd event.

To solve the downstream turbidity problem, a semi-circular
"riser” was fastened to the face of the dam in front of one of the
existing flood gates. The design process included a numerical lake
model (to predict temperature changes) and a physical model (to
ensure surface vortices did not occur).

The riser met the primary objectives of providing control of the
downstream turbidity and providing a warmer outflow temperature
Because of the change in withdrawal zones 1from about 100 feet to
about 14 feet deep), the thermocline zone became shallower and
narrower. The accompanying change in the thermal-density profile
caused inflows to enter the lake as an interflow nearer the surface
Thus, a temporary increase 1n near-surface turbidity was evident
after flood events.

Coordination between the West Virginia Department of Natural
Resources and the Corps yielded a plan of operation that met the
desires of both agencies. During low-flow periods. the riser was used
exclusively. When outflows exceeded 1200 cfs, the riser was closed
and the bottom gates were used. When outflows exceeded 8000 cfs
tsummer channel capacity), the riser and all gates were used evenly
The plan allowed for hypolimnetic releases during flood events and
conserved the epilimnion for use during low-flow periods without
hampering outflow ratesor requiring excessive gate operations

Parnet
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CE WORKSHOP ON RESERVOIR RELEASES
28-30 October 1986

s Hyatt Regency Ravinia

Atlanta, Georgia

N LIST OF ATTENDEES

‘,:.e

sl

ﬁg Name Address Telephone
‘: Steve Adams Tennessee Valley Authority 615-632-1961

Engineering Labcratory
, P.0. Drawer £
#4 Norris, TN 37828

¢
'5 Edward Andrews USAED*, North Atlantic FTS 264-7459
o ATTN: NADEN-TH/90 Church Street 212-264-7459

New York, NY 10007-9998

R Mark Anthony USAED, Ohio River FTS 684-3070
{i ATTN: ORDED-W/P.0, Box 1159 513-684-3070
R Cincinnati, OH 45202-1159

t

( Robert Bank USAED, Baltimore FTS 922-4893
C ATTN: NABEN-RW/P.0. Box 1715

W, Baltimore, MD 21203-1715

‘I
")
;§ Brian L. Barels Nebraska Public Power District 402-563-5335
L) 1414 15th Street

- Columbus, NE 68601
- "
e Alex Barna USAED, Pittsburgh FTS 722-6860
;5 ATTN: ORPED-HS/1000 Liberty Avenue 412-644-6860
3: Pittsburgh, PA 15222-4186
N

W

Dennis Barnett USAED, South Atlantic FTS 242-4580

- ATTN: SADPD-R 404-331-4580
3: 510 Title Building
.2 30 Pryor Street, S. W.

N Atlanta, GA 30335-6801

N
e

- Robert A. Biel USAED, Louisville FTS 352-5640
x ATTN: ORLED-H/P.0. Box 59 502-582-5640
L; Louisville, KY 40201-0059

'y

;% David P. Bierl USAED, Rock Island FTS 386-6361
* ATTN: NCRED-HQ 309-788-6361
. Clock Tower Building, P.0. Box 2004
‘; Rock Island, IL 61204-2004

L)

i
-r: Chuck Bohac Tennessee Valley Authority 615-751-"1319
N 270 Haneg Building

" Chattanooga, TN 37401

* U.S. Army Engineer Division/District
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Name

LIST OF ATTENDEES (Continued)

Address

Bevan Brown

David R, Brown

Jack Brown

Terry M. Brown

Dave Buelow

Joe Carroll

John (rossman

Jack L. Davis

Kennetr Day

Mare 5. Dortir

eata ) Tragour

ame By,

Tennessee Valley Authority
140 Evans Building
Knoxville, TN 37902

USAED, Southwestern

ATTN: SWDED-WA/1114 Commerce Street

Dallas, TX 75242-0216

USAED, Nashville
ATTN: ORNED-E/P.0. Box 1070
Nashville, TN 37202-1070

USAED, Wilmington
ATTN: SAWEN-HA/P,0. Box 1890
Wilmington, NC 28402-1890

Office, Chief of Engineers
ATTN: DAEN-CWH-W

20 Massachusetts Avenue, N.W,
Washington, DC 20314-1000

USAE Waterways Experiment Station

Richard B, Russell Limnological Laboratory

P.0. Box 533
Calhoun Falls, SC 29628

Tennessee Valley Authority
217 Summer Place Building
Knoxville, TN 37902

Tennessee Valley Authority
252LB-K
Knoxville, TN 37902

USAED, Mobile
ATTN: SAMOP-R/P,0. Box 2288
Mobile, AL 36628-0001

JUSAE Waterways Experiment Station
ATTN: WESES-Q/P.0., Box 631
Vvicksburg, MS  39180-0631

lepntral Nebrasxa Public Power
ard Trrigathon District

P9, Box 3h8

Hilirege, NE 68943-1356

LAET D Mphay e
ATN LAMDPN -7 P 0, Box 2288
Mapo e AL 36K28-0001

Telephone

615-632-6770

FTS 729-2384
214-767-2384

FTS 852-5637
615-736-5637

FTS 671-4761
919-343-4761

FTS 272-8512

202-272-8512

803-447-8561

615-632-6657

615-632-7564

FTS 542-3517
601-634-3517

308-995-8601

FTS 537-3857
205-694-3857




Name

LIST OF ATTENDEES (Continued)

Address

Thomas J. Furdek

Jim Gallagher

James Graham

John Hains

Brad Hall

Dorothy E, Hamlin

Jeffrey Hanson

E. Dean Harshbarger

Gary E. Hauser

Jim Helms

Steve Hiebert

USAED, St. Louis

ATTN: LMSED-HQ

Foot of Arsenal Street
St. Louis, MO 63118

USAED, Savannah
ATTN: SASEN-HA/P.0. Box 889
Savannah, GA 31402-0889

USAED, Portland
ATTN: NPPEN-HH-S/P.0., Box 2946
Portland, OR 97208-2946

USAE Waterways Experiment Station

Richard B. Russell Limnological Laboratory
P.0. Box 533

Calhoun Falls, SC 29628

USAED, Seattle
ATTN: NPSEN-HH-HC/P.0. Box C-3755
Seattle, WA 98124-2255

USAE Waterways Experiment Station
ATTN: WESES-Q/P.0. Box 631
Vicksburg, MS 39180-0631

USAED, Portland
ATTN: NPPEN-HH-R/P.0. Box 2946
Portland, OR 97208-2946

Tennessee Valley Authority
Engineering Laboratory
P.0. Drawer E

Norris, TN 37828

Tennessee Valley Authority
Engineering Laboratory
P.0. Orawer E

Norris, TN 37828

USAED, Seattle
ATTN: NPSEN-HH-wM/P,0. Box C-375%
Seattle, WA 98124-2255%

U.S. Bureau of Reclamation

MC-1522

P.0. Box 25007/Denver Federal Center
Denver, CO 80225

Telephone

FTS 273-4008

314-263-4008

FTS 248-5515
912-944-5515

FTS 423-6444
503-221-6444

803-447-8561

FTS 446-3597

206-764-3597

FTS 542-2676
601-634-2676

FTS 423-6468
503-221-6468

615-632-1947

615-632-1888

F1S 446-3544
206-764-3544

FTS 776-6009
303-236-6009



Jeff Holland

Bert Holler

Stacy Howington

Linda Jenks

Davig R, Johnson

Perrv Johnson

Robert Kennedy

Don Kraus

Lynn _amar

Da’'e _eggett

Jercy Mar'gon

LIST OF ATTENDEES (Continued)

Address

USAE Waterways Experiment Station
ATTN: WESHS-R/P.0. Box 631
Vicksburg, MS 39180-06131

USAED, South Atlantic
ATTN:  SADEN-TM

510 Title Building

30 Pryor Street, S. v,
Atlanta, GA 30303-6801

USAE Waterways Experiment Station
ATTN: WESHS-R/P.0. Box 631
Vicksburg, MS 39180-0631

USAED, Omaha
ATTN: MROED-HC

6014 U.S. Post O0ffice and Courthouse

Omaha, NE 68102-4978

YSAED, Vicksburg
ATTN: LMKED-HW/P.0. Box 60
vicksburg, MS 39180-0060

U.S. Bureau of Reclamation
Mail Code D-1531

P.0. Box 25007

Denver, CO 80225

USAE Waterways Experiment Station
ATTN: WESES-A/P_Q. Box 631
Vicksburg, MS 39180-0631

Central Nebraska Public Power and
Irrigation District

P.0. Box 356

Holdrege, NE 68949-0356

Office, Chief of Engineers
ATTN: DAEN-CWH-W

20 Massachusetts Avenue, N.W,
Washington, OC 20314-1000

USAED, Little Rock
ATTN: SWLPL-A/P._0. Box 867
Little Rock, AR 72203-0867

USAE Waterways Experiment Station
ATTN: WESEP-«/P 0., Box 63)
vicksburg, MS  39180-0631

1¢1egnone
FTS 542-2644

601-634-2644
FTS 242-4260
404-331-4260
FTS 542-2939

601-634-2939

FTS 864-4608
402-221 - 4608

FTS 542-7221
601-634-7221

FIS 776-6160

FT1S 542-36%9

601-634-3659

308-995-8601

FTS 272-8513
202-272-8513

FTS 740-5834
501-378-5834

FTS 542-3635%
€01-634-3635

T e .




LIST OF ATTENDEES (Lontiayed)

e Meme ) Address ] Telephone
W''lvam P Matnig JSAED, L1tt'e Rock FTS 740-5033
ATTH SMLPL-A'P 0. Box 86’ 501-378-5033

.itt'e Rocs, AR "7203-0867

Gary May'ann USAED, Savenner FTS 248-5812
ATTH SASER-MA P 0. Box B89 912-944-5512
Savennat  GA 11402 -0889

N.) MO re USAED, Wob''e TS 517-2666
ATTH SAMPU -t P ). Bos 2788 205-690- 2666
Mot 'e, AL 16628-0001

Mary §f Mogpyce JSAED, “avanngr T 248-5109
AN SASPD-t. P U Bos B89 917-944-589
Sevennar  GA 41407 -0889

Magry n Mooy ‘enressee Va ey Authort, bib%-6482-.939
ingineer ng aboratory
B Drewer
MGre oy TN [ ¥E

‘. L e r L Y 4 try'ronments Proter ' Tt Ageriy  bevcor Ty AL U/
et fry ronmerte’ Assessmer' Brancr 404 547 9]
ot 145 gyt 'ang Ltreet
Av "anta, LA 10 30%
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‘; Pate s WPt ey JSARD, weruer ok R AT S ]
ol AT ORED-w P Bus 49 STy VRS
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: W.oy Ny JOAED, Loutr A ant [ PR Y
ATTN CADPD - L 257 DR 1 ]

B v e By ofing
b Prynr teeer g

At gqrva, LA s -6BL,
Pry’ap M Payons JOMD, Wt 'mragtor AR Aty
ATTN SAMPD -Fw F O Bor  RY! CR Y S XY 1

W' mington N /BAG; LA 0
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Allen Piner

Richard E. Price

Richard E. Punnett

Jtm Rob1inson

Richard Roline

Br'' Rushing

Hero'd ' Sansing

beorge A Se,y

7L LY hn.q'

W Livneder

Tteyr rhre'per
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LIST OF ATTENDEES (Continued)

Address

USAED, Wilmington
ATTN: SAWEN-HA/P.0. Box 1890
Wilmington, NC 28402-1890

USAE Waterways Experiment Station
ATTN: MESHS-R/P.0. Box 631
Yicksburg, MS 139180-0631

USAED, Huntington
502 8th Street
Huntington, WV 25701-2070

USAED, Norfolk
ATTN: NAOPL-H/803 Front Street
Norfolk, VA 23510-1096

U.S. Bureau of Reclamation
P.0. Box 25007 /Denver Federal Center
Denver, CO 80225

USAE Waterways Experiment Station
ATTN: WESEP-W/P.0. Box 631
Yicksburg, MS 39180-0631

USAED, Nashville
ATTH: ORNED-E/P.0. Box 1070
Nashville, TW 37202-1070

USAED, Philadelphia

ATTN: NAPEN-H/2nd & Chestnut Streets

Philadelphia, PA  19106-2991

federa'! Energy Reguletory Commisston
400 lst Street, W .
weshington, OC 20001-2027

{SAL Weterways Euperiment Station
ATTHN  WESHS-R/P. 0. Box 61
Yyirbsburg, M5 19180-0631

JSAF Weterways fapertment Stetion
Russe' ' ('mnologice' (eboratory

v . Bos b1}

Te'huur Fa'ly, S0 29828

‘ennessee va''ey Authority, 1132 SP8
Ynoav''le, M 17902

‘ennessee Va''ley Aythority
?5184F L novout Place
‘mettancoge, 'MW 1740}

Telephone
FTS 671-4762

919-343-4762

FTS 542-2440
601-634-~2440

FTS 924-5604
304-592-5604

FTS 827-3774
804-441-3774

FTS 776-6005
303-236-6009

FTS 542-3542
601-634-3542

FTS 852-5675
615-736-5675

215-597-6829

FTS 376-9791
202-376-9791

FTS 542-3424
601-634-3424

80)-447-85%61

615-632-3243

615-7%1-6023




Name
Linda Stafford

John A, Swenson

Lloyd 0. Timblin, Jr,

Jim Vearil

Wayne Wagner

Tsong Wei

Paul M, wWhite

Steve Wilhelms

Laurin Yates

Tom Yourk

Marc /[ iwmerman

LIST OF ATTENDEES (Concluded)

Address

USAED, Pittsburgh
ATTN: ORPED-HW/1000 Liberty Avenue
Pittsburgh, PA 15222-4186

USAED, Philadelphia

ATTN: NAPEN-H/2nd & Chestnut Streets

Philadelphia, PA 19106-2991

U.S. Bureau of Reclamation
Mail Code D-1520/P.0. Box 25007
Denver, CO 80225

USAED, Jacksonville
ATTN: SAJEN-HW/P.0. Box 4970
Jacksonville, FL 32232-0019

USAED, Seattle
ATTN: NPSEN-HH-WM/P.0. Box C-375%
Seattle, WA 98124-2255

USAED, Missouri River

ATTN: MRDED-TH

P.0. Box 103, Downtown Station
Omaha, NE 68101-0103

USAED, Huntington
ATTN: ORHOP-R/502 8th Street
Huntington, WY 25705-2070

USAE Waterways Experiment Station
ATTN: WESHS-R/P.0. Box 631
Vicksburg, MS 39180-0631

USAE Waterways Experiment Station
ATTN: WESHS-S/P.0, Box 631
Vicksburg, MS 39180-0631

USAEQ, Savannah
ATTN: SASPD-EI/P.0. Box 889
Savannah, GA 311402-0889

USAE Waterwsys Experiment Station
ATTN: WESES-Q/P.0, Box 631
Vicksburg, MS 39180-0631

Teleghone
FTS 722-4645

412-644-4645

215-597-6832

FTS 776-5991
303-236-5991

FTS 946-2116
904-791-2116

FTS 446-3542
206-764-3542

FTS 864-7325
402-221-7325

FTS 924-5488

FTS 542-2475
601-634-2475

FTS 542-2344
601-634-2344

FTS 248-5793
912-944-579)

FTS 542-3784
601-634-3784
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